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1.1 The Universe from basic principles
The nature o f the universe is undoubtedly one o f the most im portant questions 
that the human race has tried to answer. The question ’’ why am I here?” and 
’’ where is here?” is still being vehemently argued. If the first question is almost 
impossible to answer from a scientific point o f you, at least there is hope to get 
an answer for the second one. Not surprisingly, the answer is not com plete yet, 
although we now claim to have a good picture o f how the universe is.
The main characteristic o f the universe is that it is homogeneous and isotropic. 
There are striking differences in small scales o f course, like stars in comparison 
to empty space or even the Milky Way when compared to the intergalactic void, 
but on larger scales there is very little deviation from the mean density o f the 
universe nor is there a preferred direction for the distribution o f matter. The idea 
o f a universe with such characteristics is indeed old.
As a philosophical argument, it was initially put forth by Giordano Bruno 
in two o f his philosophical dialogues in 1584, in which we advocates an infinite, 
homogeneous universe without any preference in position (so the earth itself is 
simply one heavenly body amongst others). This was an extension o f the Heliocen­
tric system o f Copernicus and was inspired more from personal and philosophical 
beliefs than any scientific observations.
The notions o f homogeneity and isotropy but not infinity (in the sense that 
the universe is extended forever) were present in the cosm ology o f Einstein when 
he formulated his general theory o f relativity in the beginning o f the 2 0 th century 
(de Sitter, 1916; Einstein, 1920). This was a mathematical description o f the 
universal geometry and one o f the landmarks o f modern physics. The formulation 
o f general relativity marks the beginning o f modern cosm ology and is the basis 
that any model o f the universe must be based upon.
The theoretical foundation therefore had been set and observational proof had 
to wait for technology to catch up with theory. After the com pletion o f several 
m ajor surveys that mapped a large portion o f the sky and a large number o f 
galaxies (Shapley & Ames, 1932; Zwicky et al., 1968; Shane & W irtanen, 1967) 
the main universal characteristics o f homogeneity and isotropy where verified 
observationally as well.
O f course the presence o f structure in the universe cannot be ignored and the 
question arises as to how did structure formed in such a universe. This is one 
o f the fundamental questions o f modern cosm ology and in order to proceed with 
any specialised description o f the universe and its contents it is imperative to 
outline, at least in general, the current cosm ological m odel that will serve as the 
foundation that the remaining thesis will be build upon.
1.1.1 The metric
The equation that describes the relation o f the coordinates o f the four dimensions, 
three spatial and one time coordinate, in a spacetime continuum is called the 
metric. More specifically, the metric gives the spacetime separation between two 
events in a universe. The metric is the foundation for any description since 
it defines the geometry o f the continuum. For a universe that is homogeneous 
and isotropic the spacetime interval that is applicable is called Robertson-W alker 
metric.
The Robertson-W alker metric has many forms, although perhaps the most 
widely used is
where c is the speed o f light, dr is the proper interval, R  is the scale factor (which 
is time dependant) and measures how the universe changes with time, either by 
contracting or expanding, dr and dcp are the spatial parts o f the metric and the 
function fk is a function o f the curvature o f the universe and has the following 
form, depending on the geometry
It is im portant to note the the coordinate r is a com oving coordinate, which 
means that it remains constant as the universe expands. The frame o f reference 
in this case is locked in the Hubble flow, so the coordinates do not change as the 
universe expands. The true distance between two points may change over time 
due to the expansion, but their com oving distance will remain the same.
c2dr2 =  c:2dt2  — R 2(t)[dr2  +  fl (r)d(f)2] , ( 1-1)
sin r k =  1 positive curvature
sinhr k =  — 1  negative curvature
r k =  0  no curvature
(1.2)
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The curvature o f the universe can have three states w ithout violating the need 
for an isotropic and homogeneous universe. The tree states define the geometry 
o f spacetime and if the universe will be open (infinite) or closed (finite).
• The 3D  space o f a positively curved universe has the 2D  analogue o f a 
sphere. The surface has no visible boundaries but it is finite; in this case, 
the universe is closed.
• For a negatively curved universe, an analogue is hard to imagine. A saddle 
region has negative curvature in 2D  space. The universe in this case is 
infinite and open.
• No curvature denotes a universe that has all the characteristics o f  Euclidean 
space, ft is infinite and extends to all directions.
1.1.2 Expansion of the universe
There is much observational evidence to support the case that the universe is 
not static but it is in fact expanding. Since the universe itself is expanding, 
then a single observer positioned at some part o f the universe will note that the 
cosmos appears to be moving away from his position. A  mass distribution that 
is homogeneous and isotropic (for these properties have to be maintained) gives 
rise to a velocity field that can only have the form
This is Hubble’s Law that states that galaxies move away with a velocity that 
is linearly dependant on their distance from us. This observation was the first 
to support the case for an expanding universe, as stated in Hubble & Humason 
(1931) and perhaps the most striking. The constant H  is the Hubble constant 
and its value it is still an issue o f investigation in cosmology. The value o f H 0 (the 
value o f H  in the present epoch) has been calculated within a small error margin 
by two key cosm ology projects as H0 =  72 ±  8 k m s“ 1 M pc_1, from the Hubble 
Space Telescope key project to measure the Hubble constant (Freedman et ai,  
2001) and H0 =  72 ±  5 k m s_ 1 M pc _ 1  (Spergel et al., 2003), from the Wilkinson 
Microwave Anisotropy Probe.
v =  H  ■ r . (1.3)




The discovery that galaxies have different velocities was made by spectral analysis 
o f their emitted light and the fact that their spectrum appears to be redshifted. 
By identifying various features (normally well known emission or absorption lines 
o f elements) in the spectrum of an object and comparing with laboratory data 
on the same features, the velocity that the object is moving can be recovered. 
For a source that is moving away from the observer, the light would appear to 
have shifted to longer wavelengths or redshifted (from the fact that visible light 
would appear slightly redder). This is the well known Doppler ef fect  There is a 
subtle difference when applied to galaxies though. A  galaxy can have a relative 
velocity towards an observer and even appear to be blue shifted if it is moving 
towards the observer, but the cosmological redshift is due to the expansion o f the 
universe. In a universe where space is expanding, the light that travels through 
it is stretched as well, making its wavelength longer. If a photon is emitted with 
frequency ve from a source that is moving away with velocity u with u c, it 
would be observed to have a different frequency v0 due to the doppler effect. 1  he 
redshift is defined (for « C c )  as
1  +  * =  ^  =  1  +  - .  (1.5)
V0 C
If a galaxy, that is moving away from an observer with the Hubble flow, emits a 
photon at time t0 that is picked up at t u then the com oving distance is given by 
the metric as t
(L 6 )
If a second photon is emitted from the source after 5to and picked up after 5ti, 
then once more the com oving distance is
r h + S U  r.
d' =  m d t - {L7)J t 0 + S t0 R f t )
The com oving distance does not change with time though, so d\ =  d0. Equation
1.7 can be broken in different integrals as
rtoft-8to ^ pto-\-8to
dt +  d0 — /  rT-di , ( 1 -8 )
/ t 0  R(t)  Jt0 R(t)
therefore
nt\ +5£i r to+ S to  „
~ d t =  /  - £ - d t  . (1.9)
t, R ( t )  J t o  # ( * )
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Since the time difference between the emission o f the two photons is very small, 
R is constant for the emission and reception. Therefore,
—  — —  —  — —  ( 1  I Q )
R o  ~  ~ R x  S t - i  ~  R \
This relation should hold for the photon frequencies as well, so it follows that
v0 _  Ro 
v\ R)
and the redshift due to the expansion o f the universe will be given as
( l .u;
l  +  z = | £ .  ( 1 . 1 2 )
ill
It is normal practise to create a dimensionless scale factor
° ( ( ) =  ’ <113) ilo
where R 0 is the value o f the scale factor at the present epoch. Using this notation
a{t) =  (1 +  T r 1 . (1.14)
1.1.4 Distance - Redshift relation
In Newtonian physics if a spherically symmetric object with radius r is placed at 
position O, the gravitational field generated by this object at any point beyond 
the radius o f the object can be replaced by the gravitational Held generated by a 
point with the same mass as the object placed at O. The gravitational field at a 
point x  <  r can be replaced by a point at O with mass equal to the mass o f the 
object encompassed by a sphere with radius x. This implies that the gravitational 
field inside a spherical shell is zero. In 1923 Birkhoff proved that the same holds 
in general relativity. This allows to use the energy conservation argument for the 
expanding universe, therefore the formula
{ R r f  G M
— g W = C ° nSt ( ^
must hold true. The constant at the right hand side is given by general relativity 
and substituting the mass M  for the case o f a sphere with M  =  p^n(rR )3 equation 
1.15 transforms to
R 2 -  ^ p R 2 =  - k c 2 , (1.16)
where the density p includes contributions from all com ponents to the universe 
(matter, radiation and vacuum). For a universe without curvature, k =  0 and 
from 1.16 and 1.4, the critical density is given by
This critical density gives an insight to the geometry o f the universe. If the density 
o f the universe p has a value higher than the critical density pc then the universe 
is said to be spatially closed. If p <  pc, then the universe is spatially open.
The relation between the density o f the universe and the critical density is 
given by the dimensionless parameter
( I - « )Pc 3 H z
Very often, Q is split into the various contributors to the density and then becomes
ft =  ftm +  fir +  n A , (1-19)
where Qm is the contribution from the matter in the universe, is due to radi­
ation and f iA is the contribution o f the cosmological constant. For an expanding 
universe, the densities will change as space grows bigger, so the density becomes
p(a) oc fima ~ 3  +  Qra~4 +  f iA , ( 1 .2 0 )
in order to account for the thinning out o f the density (the a~z term for both 
matter and radiation) and the redshifting o f the radiation frequency (the extra 
o r 1 term for the radiation). The contribution from the cosm ological constant 
remains fixed and is not affected by the expansion.
Since the values o f many cosmological parameters change with every break­
through that is made, it is desirable to be able to scale results for the different 
cosm ology used in each case. Thus, the introduction o f the h parameter that 
scales the Hubble constant.
k ~  lO O k m s^ M p c " 1 ’ ^ ' 21^
where H0 is the current value o f the Hubble constant. Manipulating 1.16
8nGp kc2 
~ 3 "
and substituting for the various contributions
8irGp =  H 2(ttA +  f lma~3 +  flra“ 4) , (1.23)
H 2 = ----- - -------- - , (1.22)
R 2 ’ { 1
and
k Q
f f i ñ 5 = « - l ,  (1-24)
equation 1 . 2 2  then becomes
H 2(a) =  H¡[QV +  flma - 3  +  ü ra~A -  (Q -  l)a ~ 2]
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(1.25)
The radial equation for a photon is
M r  =  cdr =  M  =  ^  (1.26)
and substituting the a factor with the redshift
Rodr — 77“ [(1 ~  ^ )(1  +  z )2 +  +  2 ) 3  +  ^ r ( l  +  ZY\ x̂ 2dz . (1-27)
tlo
1.1.5 Some tools of cosmography
The prime objective o f galaxy surveys is to give the positions o f galaxies in the 
universe along with their magnitude, a measure o f their luminosity. Hence t he 
most frequent equations in an analysis are the ones dealing with the distance to 
a galaxy and its luminosity.
Equation 1.27 gives the com oving distance element. In a more com pact form 
and integrating over z, it can be rewritten as
c f z d7
d < = h J 0 W ) '  (h28)
which gives the com oving distance to redshift z  (Hogg, 2 0 0 0 ), with E(z )  being
E(z )  =  \ /( l  — f2 )(l T  ¿O2  +  +  i lm(l +  £ ) 3  +  f2,.(l +  z )'* . (1.29)
The angular diameter distance is defined as the ratio o f the transverse size o f an 
object to its angular size. It transforms angular separations in a telescope image 
to physical size at the source. For a universe without curvature (as it is used in
all calculations in this thesis) it has the form
D A =  {l  +  z ) - ' D c . (1.30)
Another important quantity is the luminosity distance, which is defined as
( L 3 I )
where L and S are the bolometric luminosity and flux o f the object respectb 
The luminosity distance depends on the com oving distance as follows
D i  =  (1 +  z ) D c . (1.32)
If the monochromatic flux o f an object at redshift z is o f concern (since it is very
difficult to integrate over all frequencies to get the bolom etric quantities), the
equation for it is
Lu({\ +  z)u0))
S^ ) =  4 ^ ( 1 + ; )  ' (1 '33)
Finally, the com oving volume element at redshift z is given by
d y =  c ( ± E ^ D \ dQ d z  . (1.34)
Ho E(z )
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1.2 CDM  cosmology
The metric of the universe and its equation o f state is o f course useful to know, but 
it still does not answer the question o f what is in the universe, more specifically 
what are the values of the factors. The initial guess was that the nature of 
Qrn would be pretty straightforward to define, as galaxies make up the universe, 
but apparently not all is what it seems.
1.2.1 Evidence for the existence of Dark M atter
Observational proof that there is something missing in the universal picture came 
as soon as large catalogues were made. After the study o f kinematics in the large 
galaxy clusters Coma and Virgo, it was found that the calculated total mass of 
the cluster was orders o f magnitude larger than the one expected. The velocities 
o f the individual galaxies were far to great for the clusters to be gravitationally 
bound by just the mass that was observed (Smith, 1936; Zwicky, 1937), but the 
velocities could be explained if there was some mass in a non luminous form.
The question about the existence o f this mysterious for o f matter arose later as 
well after the study o f the rotational curves o f galaxies (Freeman, 1970; Ostriker 
et «/., 1974; Rubin et al., 1980; Burstein & Rubin, 1985). The velocity profiles 
o f stars at the edge o f a galactic disk were found to deviate from the expected 
rotational curve for a galaxy that contains most o f its mass in the centre and has 
its limits at the edges o f the luminous disk. The profiles could be explained if the 
galaxy exhisted within a halo of dark matter which continued after the luminous 
edge of the galaxy.
1.2.2 The mass of the universe
One o f the most fundamental questions in cosm ology is the amount o f mass in 
the universe. In the local universe, the numerical density o f galaxies per luminos­
ity (the luminosity function o f galaxies) has been well established from redshift 
surveys (at least for the local universe) and has the form
I his is often called the Schechter Luminosity Function, since it was first intro­
duced by Schechter (1976). The integration o f the luminosity function over all 




In the blue band, the value for the luminosity density as given by Efstathiou et al. 
(1988) is
pL =  1.93 ±  0.7 x 1 0 8 /iL 0  , (1.37)
where L q is the luminosity o f the sun. If the luminosity density is divided with 
the critical density, it produces the necessary mass to light ratio to close the 
universe, which has a value of
~  1.5 ± 0 .5  x 103/?. . (1.38)
c r i t ic a l
This is a very large value. Even large values o f mass to light ratios for galaxies 
do not exceed M/L  ~  1 0 2  (Tully, 2005). So in order to have a closed universe, 
there is a need for the existence of dark matter.
1.2.3 The nature of dark matter
The nature o f dark matter is a puzzle and it will remain so, until some direct 
observation o f the DM particle or particles in the laboratory. So far, results have 
been negative (Akerib et al., 2004). There are many theories concerning the na­
ture o f dark matter. The cosmology that is widely adopted these days in the Cold 
Dark Matter (CDM ) model, initially proposed by Peebles (1982) or even more 
explicitly, ACDM , a cold dark matter model that incorporates a cosmological 
constant (Gnedin, 1996; Efstathiou et al., 2002). The name cold implies that the
particles o f the CDM have no thermal velocities. These particles are nonbaryonic
and collisionless and had decoupled while they were non relativistic after the big 
bang.
It is not know which particles make up the dark matter and there are two main 
theories concerning their nature. The first school o f thought proposes that the DM 
consists o f Weakly Interacting Massive Particles or W IM Ps, as they are widely 
known. These are elementary particles that, as the name suggests, interact though 
gravity and the weak nuclear force only (Pretzl, 2002; Kamionkowski & Kurylov, 
2005). The other theory put forth advocates that the missing matter is made 
up by large objects that are not bright enough to be detected, like black holes, 
brown dwarves and planets, a class o f objects known as Massive Astrophysical 
Compact Halo Objects (M ACHOs) as an answer to the previous idea (Waldrop, 
1993; de Paolis et al., 1998; Yoo et al., 2004).
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1.3 Formation of structure
The ultimate test o f any theory is o f course to reproduce the observational facts. 
In the case o f dark matter models, the observational verification would be the 
reproduction o f the structure that is present in the universe today. Not only does 
the model have to account for the general universal characteristics o f homogeneity 
and isotropy at large scales, but the presence o f clusters o f galaxies and galaxies 
themselves have to be accounted for. The CDM model is a hierarchical model 
where small objects clump together to form larger configurations. Structure starts 
from the base up. The main idea is that primordial fluctuations in a smooth 
density field would grow and create underdense and overdense regions that will 
then become the dark matter haloes upon which galaxies are formed.
1.3.1 Press Schechter approach
The number o f gravitationally bound structures f ( M ) d M  is called the mass func­
tion. The integral mass function F ( M )  denotes the number o f ob jects with masses 
greater than M.  The formation o f objects under gravity is a very com plex non­
linear problem but the overall number o f bound objects can be approximated for 
an initial linear density field, therefore calculating F ( M ) can becom e possible.
If an initial density field p(x)  exists, that is homogeneous and isotropic in large 
scales but has overdense and underdense regions locally, there would be regions 
with overdensity 1  +  5r =  p/(p) larger than a critical value Sc that would be 
expected to form gravitationally bound objects after their collapse.
If the initial random field has a Gaussian form and the overdense regions 
are smoothed over with a window function W r with a sm oothing radius /?, the 
regions with density higher than the critical density will eventually form objects 
with mass M  oc p /?3, with p being the mean density o f the initial field. The 
precise relation depends on the sm oothing function and for a Gaussian function 
is given by
The probability that a point will lie inside one o f the overdense regions for the 
Gaussian field is given by
M  =  (27r )2 pR 3  . (1.39)
(1.40)
where erf is the error function
(1.41)
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so the integral mass function will be
F ( M )  
the mass function is
Sc
f W  =
the comoving number density is
M  f ( M )
P(5, R)dS =  1 -  erf 






























where M 2 f  ( M ) /p is the multiplicity function. Equation 1.46 was the inspiration 
for the general galaxy luminosity function in its Schechter form since equation 
1.35 was developed around the same time (Schechter, 1976).
The Press-Schechter theory has been expanded since then but the basis o f 
the theory remain the same. One o f the problems o f the theory is the prediction 
of the number o f low mass objects. Theory predicts a higher number o f objects 
than the number seen by simulations o f hierarchical clustering. In an attempt to 
account for this discrepancy Sheth et al. (2001) and Sheth & Tormen ( 2 0 0 2 ) have 
proposed a model where the spherical collapse o f dark matter haloes is replaced 
by an ellipsoidal collapse, thus allowing for better agreement between theory and 
simulation.
1.4 Galaxy Formation
So far the formation o f structure concerns dark matter and not the galaxies that 
are visible in the universe. But the stuff o f galaxies, namely baryons, were present 
during the creation o f the dark matter haloes and after the creation o f sufficiently 
large haloes, galaxy formation starts taking place.
Modelling the galactic distribution is a very complex procedure because o f the 
nature o f the problem and one successful approach is semi-analytical models, that 
combine theory with computer simulations. Their strength lies in the fact that
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they can utilise the com putational power o f modern computers with some theo­
retical approximations to speed up and simplify the problem, as well as increase 
the resolution, so that actual galaxy structures can be observed. These models 
are quite elaborate and depend on many parameters (Kauffmann et a/., 1993; 
Cole et al., 2 0 0 0 ) but are nevertheless very educational because they incorporate 
many areas o f modern astrophysics.
The other approach is to do a full N -body simulation o f the universe, or an 
area thereof, by m odelling the behaviour o f dark matter. The achieved resolution 
though is not high enough to allow for individual galaxies to be examined. The 
results from simulations o f this kind have been quite successful in replicating the 
clustering properties o f galaxies in the observed universe (Pearce et al., 1999). 
Overall both m ethods agree reasonable well on their results as shown by Benson 
et al. ( 2 0 0 1 ).
1.4.1 Gas and dark matter
W hen dark matter halos merge to form larger objects, any present gas is heated 
to the virialized temperature o f the halo. This is in essence the transformation of 
the kinetic energy o f the gas into heat and for a gas cloud with mean molecular 
weight /a this translates to
kTv =  ^ iampVi , (1.47)
where k is the Boltzm ann’s constant and m v the proton mass. Vc is the circular 
velocity o f the gas that has settled onto a disk. The reason for the form ation of 
such a disk is that the angular momentum that the gas gains during the DM halo 
mergers is conserved. The rotation helps the gas avoid gravitational collapse and 
heats it to the virialized temperature Tv. The gas disk then starts to cool inside 
the gravitational well o f the DM halo, a time where star form ation begins taking 
place.
The shape o f the gas regions is also governed by any cases o f halo merging, 
an incident that may result in significant burst o f star form ation for the emerging 
galaxies. A  com bination o f two halos can also reshape the disk and transform it 
into a spherical halo.
1.4.2 Star formation and feedback
After the creation o f the first stars, there are three separate regions that can be 
identified in the galactic disk: The already formed stars, the dense gas that has 
cooled down and in which stars are formed and finally the still hot gas com ponent.
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The stars that are formed from the cooled gas, start radiating and heating up 
the remaining cold gas bringing it up to the temperature o f the hot com ponent. 
As well as radiation from stars, supernovae that explode enrich the interstellar 
medium with heavier metals and in turn transfer energy onto the interstellar 
medium, again heating the cold gas (Efstathiou, 2000). Stars and supernovae 
also give the necessary energy to material to escape the protogalactic disk in a 
form o f wind. The heating up o f the cool gas and the escape o f material from 
the disk affects the star formation rate. This process is called feedback, since the 
new born stars change the parameters that led to their creation, influencing the 
star formation process in a feedback loop.
Feedback from stars is a very im portant process because it prevents the cre­
ation o f very small DM haloes and helps explain the absence o f  dwarf galaxies. 
The number o f low mass haloes predicted from Press-Schechter theory has the 
form
which for any reasonable values o f n predicts a low mass slope much steeper than 
the observed faint end o f the galaxy luminosity function (Efstathiou et al., 1988; 
Loveday et al., 1992; Loveday, 1997; Zucca et al., 1997). W ithout a feedback 
mechanism to prevent the collapse o f small haloes the theory would strongly 
contradict observations in that range.
1.4.3 Biasing of the galaxy distribution
The way galaxies form relative to the Dark Matter Haloes is a very important 
question. It is not easy to answer because detailed observations o f dark matter 
in the universe cannot be done directly despite some hints from gravitational 
lensing. Therefore simulations o f the DM are performed in order to understand 
its properties. The distribution o f galaxies in the universe is much easier to 
observe but nevertheless there remains a grey area between the simulations and 
the galaxies, namely as to how precisely do galaxies form in the sea o f dark matter. 
It is not trivial to solve, since the simulations are better suited to m onitor the 
dark matter whereas observations are confined to the galaxies only.
The borderline area between the dark matter and the galaxy formations is 
known as the biasing o f the galaxy distribution. The definition o f the bias pa­
rameter b is
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Figure 1.1: The Hubble sequence o f galaxies. From ellipticals to the left to spirals 
and barred spirals. Irregulars are not included since they have to predetermined 
shape.
necessary because o f the fact that different galaxy types are seen to cluster in 
different ways, therefore they could not all be correct tracers o f the mass distri­
bution. Latest results indicate that at least on large scale, galaxies overall trace 
the matter distribution with a bias parameter equal to one hence they are good 
tracers o f the mass (Verde et al., 2 0 0 2 ). On smaller scales the difference o f galaxy 
clustering according to their type is still present.
1.4.4 Galaxy types
The galaxies that can be seen in the universe are not uniform o f course. There 
are many different types and there are many classification schemes. The standard 
galactic sequence is considered the Hubble sequence (Hubble, 1926), the oldest 
and still the more widely used. It is based on the m orphology o f galaxies and 
divided the galaxies in the following categories
• Elliptical Galaxies: Galaxies that have an ellipsoid form and are cate­
gorised according to their ellipticity, from almost circular (EO) to greatly 
flattened (E7). Stars can be seen throughout the galaxy.
• Lenticular Galaxies: SO and SBO are galaxies that display a bulge com ­
ponent (looking like an EO galaxy) in the centre and a disk around it but
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have no spiral structure.
• Spiral Galaxies: Disk galaxies that have spiral structure. They consist of 
a central bulge com ponent and a disk with a pattern o f spiral arms. The 
distinction between spirals concerns how big the bulge is and how tight the 
spiral arms are around the galaxy, ranging from Sa that have a large bulge 
com ponent and tight spiral arms to Sc that have a small bulge and very 
loose spiral arms.
• Barred Spirals Galaxies: They are very similar to spiral galaxies but 
they also display a bar running through the disk.
• Irregular Galaxies: Galaxies with a more chaotic and asymmetric ap­
pearance.
There is a m isconception regarding this sequence. The ellipticals are often 
referred to as early types or early galaxies and the spirals as late types. Initially 
that was because it was believed that it represented the development o f a galaxy. 
It would start as an elliptical and later develop a disk. This is not the case any 
more. The present school o f thought is that a galaxy is formed as a spiral first 
and by merging the disk com ponent gets stripped and an elliptical is formed. 
Nevertheless the separation to early types and late types still remains but now it 
refers to the position o f the galaxies in the sequence; early types are to the left, 
late types towards the right.
1.5 Black Holes in the Universe
There are other entities that take part in the feedback process as well as the 
supernovae and radiating stars. These are the active galactic nuclei, that produce 
enormous energy that impacts on the interstellar medium and drive the feedback 
process. The term active galactic nuclei takes its name from the fact that in those 
particular galaxies the non-thermal energy output exceeds the thermal energy 
output from stars, gas and interstellar medium at some band or bands, thus the 
presence o f other processes apart from thermal radiation makes the galaxy active. 
It is also observed that most o f this energy is generated in the central part o f the 
galaxy, thus the combined term active nuclei. The current paradigm for an AGN, 
is o f disk accreting onto a supermassive black hole (>  1O8 M 0 ) (Urry & Padovani, 
1995).
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Figure 1.2: A  schematic o f an Active Galactic Nuclei. The black hole in the 
centre is surrounded by a disk o f material that is accreting on to the centre.
1.5.1 A G N  schematics
Active nuclei have been the subject o f many studies and even more changes con­
cerning their nature. Since the realisation by Seyfert (1943) that some extra- 
galactic nebulae exhibit strong emission lines and they form a distinct group 
from normal galaxies (later named Seyfert galaxies), the riddle o f their nature 
kept becom ing more com plex with time.
Radio emission from some o f these sources was detected and the first picture 
o f their nature began to form in the late 50s. W oltjer (1959) argued that
• They are small in size, less than 100 pc.
• Their lifetimes must be o f the order o f 108 years.
• Their mass must be very high, o f the order 108 M 0
From radio surveys, a new class o f ob jects were added to the picture; Quasars 
or quasi-stellar radio sources. Star like objects that exhibited strong radio emis­
sion (M atthews & Sandage, 1963), which were later found to have very high 
redshift (Schmidt, 1963). If the redshift was a measurement o f their distance 
form the earth then these star like objects must have an enormous luminosity,
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brighter even than luminous galaxies. Eventually Seyfert galaxies and quasars 
were recognised as part o f the same sequence o f objects as reported by Weedman 
(1976), with the creation o f a unified model for all the Active Galaxies (Antonucci, 
1993; Urry & Padovani, 1995).
1.5.2 Black Hole Masses
There is o f course no limit to the mass o f a black hole, at least theoretically. Any
mass that is contained in a small enough volume can create a black hole. The
radius for the configuration is given from the Schwarzschild radius:
2Gm  rmrs =  — > (L 5 °)cz
where G  is the gravitational constant, c the speed o f light and m  the mass in 
question. The masses o f the Black Holes that reside in Active Galactic Nuclei are 
quite large as can be verified by an approximation via the Eddington Luminosity.
If a source has luminosity L and radius /?, then in order to be stable and 
isotropic while radiating at maximum efficiency, radiation pressure must be coun­
tered by gravity. So for a point at distance r
\Fr \ <  \Fg \ . (1-51)
The radiation pressure from photons with frequency u is given by
P r =  ^  =  4ttr2c ’ (1 ' ° 2^
where F  is the radiation flux at point r.
The cross-section for the interaction between a photon and an electron with 
mass m p is the Thom son cross section ae, so equation 1.51 becom es for an electron 
proton pair
o eL G Mm.
<  — , (1-53)47rr2c r 
and thus the Eddington luminosity is
AnGcmv , ,
L e =  - M  . (1.54)
Oe
The Eddington luminosity can provide a lower limit for the mass o f an ob ject 
if the assumption is made that the ob ject accretes at maximum efficiency. That 
would be the minimum mass required to produce the observed luminosity. In 
most cases the Eddington limit is not reached, so equation 1.54 can be recast as
aeL
4 n G cm p
<  M  . (1.55)
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If the substitution is made for the constant ae =  6.652 x lCT2 9 m 2, G  =  6.672 x 
ICR1 1 Nm 2 kg~2, m p =  1.673 x 1 0 “ 2 lkg, c =  2.997 x 1 0 8 m s_ 1  and introduce the 
solar mass A/ 0  =  1.989 x 103 °kg, then the equation takes the practical form:
M  >  108 M 0  X  ------------—— 5 77 7 7 7 . (1.56)
°  1.2 x 1039W  v '
For typical AGN luminosities o f the order LAGn ~  1038W  (Netzer et al., 1996), 
the mass o f the central black hole is in the order o f 108  solar masses. Since the 
Eddington limit demands accretion at the highest efficiency the actual mass is 
somewhat larger as can be verified by more direct mass measurements for some 
galaxies (Peterson, 1993).
1.5.3 The relation of the central black hole and the host 
galaxy
Despite the current success o f the unified model in explaining the various obser­
vations o f AGN, there are still numerous questions remaining answered. Most 
im portant perhaps is the fundamental question o f what triggers an AGN or how 
does a galaxy develop an active centre. As an indication to a possible answer 
to this question, Richstone et al. (1998) introduced a relation between the host 
galaxy bulge luminosity and the A G N ’s black hole mass, an equation also known 
as the Magorrian relation. It was also observed that the stellar velocity disper- 
tions o f the galactic bulge were depended on the mass o f the central black hole 
(Ferrarese & Merritt, 2000), a fact that confirmed that the existence o f the AGN 
is interlaced with the host galaxy.
Unfortunately the origin o f the Magorrian relation is yet unclear. It is obvious 
that the galaxy and the central black hole evolve in an interacting way and the two 
relations provide some powerful constraints in any theoretical models o f galaxy 
evolution. One such m odel that predicts those two correlations was proposed by 
Kauffmann & Haehnelt (2000). In this m odel, black holes evolve through merger 
activity. If two galaxies with com parable mass merge then their black holes 
com bine to form a bigger BH that accretes a fraction o f the merger-remnant 
gas, over a short period o f time. Other m odels assume that the BH was created 
first after the collapse o f the dark matter halo and before star form ation had 
taken place in the bulge (Silk & Rees, 1998). The black hole then accretes and 
generates a quasar-wind, which could shape the gas in the proto galaxy, and 
influence the velocity o f the stars in the bulge, giving them the necessary velocities 
for the Mbh — o  relation. These are surprisingly the only m odels that account 
for the observational correlation between the black hole mass and the host galaxy
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properties and clearly the consensus on the coexistence o f black holes with galaxies 
is not settled yet.
1.6 Radio Galaxies
1.6.1 The discovery of radio galaxies
The discovery o f radio emission from extraterrestrial sources is another story ol 
accidental discovery. In 1932-33, Carl Jansky was looking for sources o f static 
interference in transatlantic radio com m unications when he recorded a source o f 
unknown origin. Initially Jansky believed that it was radio output from the sun 
but eventually it was determined that it came from the Galaxy and the con­
stellation o f Sagittarius. The discovery made quite a sensational im pact but no 
additional research was made into the subject, since the static was not strong 
enough to interfere with radio communications. Fortunately scientists were, im­
pressed enough to start projects o f their own and seven years later the first map o f 
the galactic radio emission was constructed by Grote Reber (Reber, 1940, 1944). 
An extragalactic ob ject was identified as the source o f radio emission in 1954 
(Baade & Minkowski, 1954). This source (Cygnus A, the brightest radio galaxy 
today) was also found to have a redshift o f z =  0.057 and a strange appearance, 
initially mistaken for two different galaxies but later shown to be in fact a single 
galaxy with two lobes on either side, from which the radio emission originated 
(Jennison k  Latham, 1959). This discovery introduced a new species o f galaxies; 
High redshift galaxies that were radio active.
1.6.2 Categories of radio sources
Radio galaxies com e in two main categories; extended and com pact radio sources. 
Extended sources extend beyond the limits o f the host galaxy and are the largest 
structures known in the universe, with intrinsic sizes reaching the >  1 0 0  kpc 
scales. Radio emission in extended sources originates more than 1  kpc from the 
nucleus o f the galaxy. In contrast, com pact sources are much smaller with cores 
that do not extend more that a few parsecs, while the extended radio emission 
comes well within lk p c from the nucleus. Because o f the size difference, com pact 
sources can be variable in their energy output in time scales o f several months, 
whereas extended sources remain constant. As well as size difference, there are 
also spectral differences. The spectral indix a  is defined from the equation for 





Figure 1.3: A  simple drawing o f a double radio galaxy. The hot-spots and AGN 
are the sources o f radio emission. The jets are beams o f relativistic electron- 
positron plasma and the cocoon  is made o f intergalactic or interstellar material 
that has been shocked by the jets.
have flat spectrum indices in the range a  £ (0, 0.5) whereas extended sources 
have steep spectra where a  £ (0 .7 ,1 .2).
Another com m only encountered separation o f objects according to their radio 
emission is the distinction o f active galactic nuclei in two main categories, based in 
the presence o f radio emission. The first category encompasses radio loud AGN , 
named thus due to their radio exceeding values o f L rad >  102 4 W H z_ 1 sr_ 1  .The 
second class o f AGN includes objects with radio luminosity Z/rad <  102 4 W H z_ 1 sr_ 1  
and they are collectively called radio quiet AGN. It is im portant to note that radio 
quiet AG N  are not necessary objects with no radio emission but simply galaxies 
where the radio luminosity is quit low.
1.6.3 Radio emitting processes in galaxies
Radio emission from AGN differs in nature from radio emission from normal 
galaxies. The term normal galaxies applies to all galaxies that do not have an 
AGN in the centre, or it is dormant. This is an im portant distinction since the 
physical processes are quite different. Radio emission from normal galaxies comes 
from mainly two sources (Condon, 1992):
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• Free-free emission from HII regions. The free electrons are deflected by the 
ion nuclei resulting in the emission o f a photon. The interstellar matter in 
these clouds is ionised due to supernovae activity.
• Synchrotron radiation from relativistic electrons in magnetic fields. The 
electrons are accelerated to relativistic speeds in supernovae explosions and 
after travelling through the galaxy eventually lose energy in the presence of 
a magnetic field producing radiation.
In the case o f an active galactic nucleus, the radio part o f the radiation is 
synchrotron radiation in nature, but it is produced in relativistic jets. The stan­
dard picture (Scheuer, 1974) for double radio galaxies consists o f two relativistic 
continuous beams that originate from the central black hole, are made up o f elec­
trons or positrons arid expand into the interstellar and intergalactic medium. At 
the point where the jet reaches the material o f the intergalactic or interstellar 
medium a shock front is formed. Those two points (one for either beam ) are the 
hot spots identified in radio maps. The shocked material forms a cocoon  around 
the hot spot where matter from the jet is deposited. This cocoon  form the ex­
tended lobes that are observed in the double radio galaxies. The expansion o f the 
cocoon  produces a bow show in the intergalactic material.
1.7 Thesis outline
The first chapter o f this thesis takes a closer look in the galaxy luminosity function 
and especially the faint end. By com bining two galaxy surveys, the 2dFGRS 
survey, a redshift survey that includes ^  250, 0 0 0  galaxies and the M G C survey, 
a very deep optical survey that reaches up to ?t i m g c  =  23.5 an attem pt is made 
to better define the faint end o f the galaxy luminosity function. By the use o f the 
2dFGRS galaxies as centres, since their distance is known, and the faint M GC 
galaxies as satellite galaxies o f those centres, one can assign distances to the faint 
galaxies and therefore be able to probe the faint end o f the luminosity function.
In the second chapter, the central black hole mass function o f the 2dFGRS 
survey is com puted. Recent findings suggest that there is a black hole in the centre 
o f every galaxy and utilising the Magorrian relation between the luminosity of 
the bulge and the black hole mass, the black hole masses for a large percentage of 
the 2dFGRS survey are calculated. A  relationship is developed between galaxy 
colour and Hubble type which translates to a relationship between the colour and 
the dominance o f the galactic bulge. The galactic bulge properties are calculated
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with the use o f the bj and 7 7  colours from the SCSS survey that are included in 
the 2dFGRS release.
In the third chapter the 2dFGRS survey is com bined with the NVSS radio 
survey in order to retrieve radio fluxes for the 2dFGRS galaxies. The radio 
luminosity o f the survey is calculated and relationship between black hole mass 
and radio luminosity is examined. By the use o f two prominent lines in the 
2dFGRS spectra, an attem pt is made to distinguish between radio output due to 
the AGN in the galactic centre and radio output from the galaxy. Finally, the 
probability o f black hole mass given radio luminosity is com puted.
In the final chapter, the local numerical density is calculated for the 2dFGRS 
survey. The survey is then split according to the local density and a comparison 
between the different luminosity functions o f the populations is made. The black 
hole mass distribution is examined according to the local density and a statistical 
analysis in performed in order to determine if galaxies with radio output belong 
to the same population as normal galaxies.
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Chapter 2
The faint end of the galaxy 
luminosity function
2.1 Introduction
The numerical description o f large scale structure in modern cosm ology makes use 
o f two simple yet powerful quantities. The correlation function o f galaxies and the 
luminosity function o f galaxies. These are perhaps the most basic and im portant 
measurements o f structure and distribution o f galaxies. The luminosity function 
o f galaxies is a mathematical tool that describes the numerical distribution o f 
galaxies o f various luminosities in a cosm ological volume, whereas the correlation 
function o f galaxies is a mathematical representation o f the level and strength o f 
clustering among galaxies.
Since those methods are statistical tools in essence, as with all statistics, it 
is necessary to use large samples o f galaxies in order to achieve better accuracy. 
The large redshift surveys o f recent years are proving invaluable in advancing 
modern astrophysics and cosmology. In an attempt to add fainter galaxies in a 
redshift sample, a com bination o f a redshift survey with a very deep optical survey 
can provide information on the behaviour o f fainter galaxies, that are not bright 
enough to provide a spectroscopic redshift. This chapter describes one such use o f 
galaxy catalogues in an attempt to better define the galaxy luminosity function 
at the faint end.
The method to be employed is based on the assumption that dwarf galaxies 
are clustered around brighter galaxies, therefore they are expected to lie at ap­
proximately the same distance. Using a bright galaxy with measured redshift as 
the centre o f a cluster o f faint galaxies , one can assign distances to galaxies that 
were too faint to be included in a redshift survey. This m ethod o f determining the 




Figure 2.1: A map o f the 2dFGRS survey showing the distribution o f the observed 
fields in the sky. (A dopted from the 2dFGRS home page on the web). The survey 
is split in 2  main areas, defined by the galactic hemisphere that they are in, as 
well as many random fields around the SGP strip. The selected galaxies were 
drawn from the A P M  survey (red squares) area and cover around 1500 square 
degrees.
developed by Loveday (1997).
2.2 The Data
2.2.1 The 2 Degree Field Galaxy Redshift Survey
The 2dFGRS survey is one o f the largest redshift surveys that has been under­
taken in recent years. The survey has yielded spectra and redshifts o f approxi­
mately 250,000 galaxies (Lewis et a/., 2 0 0 2 ; Colless et a/., 2001). It uses the 2dF 
multi-fibre spectrograph on the Anglo-Australian Telescope, which is capable o f 
observing 400 objects simultaneously in a 2 degree diameter field. The survey 
covers approxim ately 2 0 0 0  square degrees in the sky and is split into three strips. 
The North Galactic Pole strip , the South Galactic Pole strip plus some ran­
dom ly distributed fields. The survey has a median redshift depth o f z =  0.11 
and contains galaxies brighter than bj =  19.45 selected from the A P M  survey. 
The bj magnitude o f the 2dFGRS is a photographic B magnitude using Ilia-J 
plates. The 2 dF spectra have a two-pixel resolution o f 9 Aand cover the range 
between 3600-8000 A. It is one o f the largest com plete redshift surveys and even 
though the SDSS survey at its latest release contains more galaxies (Abazajian 
et a/., 2005) the mask o f the SDSS is not yet understood com pletely and there
600 Woe
" - . . J  - . I . •• -eu
S o u th  G o fc e tie
P a  e/. D ec — •— 7 ~ -  a* ■ u  g  -  7— —  C a p
G a la c tic  E q u a to r  S o u th  P ole
,j Q I. d F fie las
APM scorned UK ST fields
28
I 2 0 0 0
1 0 0 0 0  
8 0 0 0  
Z  6 0 0 0
4 0 0 0  
20 0 0
° 0  0 .0 5  O . I 0 . 1 5  0 .2  0 .2 5
redshift
Figure 2 .2 : Redshift distribution for the 2dFGRS survey. Alm ost all galaxies have 
redshift lower than 0.3. The existance o f the two peaks around z =  0.1 is o f special 
interest; there is no contribution from those structures in the 2 -point correlation 
function, although higher order correlation functions are heavily influenced by 
their presence (Gaztahaga et al., 2005).
are several more issues pending, still making the 2dFGRS an invaluable tool to 
the astronomical community that has been the source o f m ajor breakthroughs in 
astronomy and cosmology.
The survey is now finished and it is available on the world wide web. The 
input catalogue for this work was the best spectroscopic observations catalogue 
which consists o f 245591 galaxies.
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2dF Galaxy  R e d sh i f t  S u r v e y
82821 galaxies
Figure 2.3: a redshift cone plot showing the distribution o f the 2dFGRS galaxies in 
right ascension and redshift. The plot was made using a small slice o f declination 
(around ~  2 °) from the NGP and SGP respectively.
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2.2.2 The Millennium Galaxy Catalogue Survey
The M G C survey (Liske et ai,  2003) is a deep blue band survey that covers a 
narrow strip (~  37.5 square degrees) inside the 2dFGRS North Galactic strip. 
The M G C goes as deep as &m g c  <  24 magnitude and is fully contained within 
the 2dFGRS as well as the Sloan Digital Sky Survey. More details can be found 
in Liske et al. (2003).
The M G C survey was conducted using the The W ide Field Camera instrument 
on the Isaac Newton Telescope. The W F C  camera consists o f four CC D  chips 
with dimensions o f 2048 x 4096 pixels each. They are arranged as shown in figure 
2 .4.The M G C survey consists o f 144 pointings o f the camera covering a long 
and thin R A  strip along the equator. The first field is centred on R A  =  150°, 
DEC =  0° and each consecutive field is centred 3 0 ' off the previous one. The 
last field is centred on R A  =  221.5° and DEC =  0°. The Millennium Galaxy 
Catalogue provides information on the position and apparent magnitude o f 2  x 1 0 6 
faint galaxies.
2 .2 .2 .1  The geom etry o f the M G C
One o f the most useful tools in the analysis o f catalogues o f galaxies is the ability 
to reproduce random surveys that follow certain properties o f the original but 
have a given random element, for example, the galaxies o f the random survey 
have a random placement and are uncorrelated with each other.
The geometry o f the M G C survey initially appears quite simple; the survey 
is just a narrow strip along the NGP o f the 2dFGRS. But in a clean sample 
from which bad areas have been removed \ various holes appear that need to be 
incorporated in the analysis lest they skew the results. This results in a quite 
com plicated geometry.
Coupled with poor docum entation and lack o f any mention o f calibration 
coordinates for the CCD pixels, constructing a mask for the M G C catalogue was 
a more com plicated task than expected. The coordinates for the various holes and 
overscan regions are given in CCD coordinates and as centre for the configuration 
o f the 4 CCDs the system assumes the centre o f CC D  4. There was insufficient 
information regarding the regions between the CCDs and adjustment had to be 
done empirically.
1 This could be due to  many reasons. Defective pixels on a  CCD, various defects of the optics 
(vignetting on the edges for example), contam ination from cosmic rays, bright stars and over 









Figure 2.4: The configuration o f the 4 CCDs on the W F C  camera. The beginning 
o f the CCD  axis is noted for each one as well as the centre o f the M G C  frames, 
which coincides with the middle o f CCD4. This configuration was centred on 
RA =  150°,DEC =  0° and there were 143 consecutive pointings, each 30 ' towards 
increasing RA  coordinates.
To avoid any mask regions that were ignored in the development o f the soft­
ware the following measures were taken:
• First, the M GC survey itself passes through the mask until no rejections 
occur.
• If a solution to some rejections can not be found, it is imperative that the 
rejected points are not included in any analysis
• Finally, an optical examination o f a number o f random ly selected fields 




Figure 2.5: The apparent magnitude distribution for the M G C survey. The source 
is the faint sources catalogue that excludes all areas that had some im perfection 
(Liske et al., 2003). The magnitudes fainter than ttimgc =  23.5 were not used in 
the calculations.
2.3 Cross-correlation method
2.3.1 The luminosity function of galaxies
The most com m on representation for the distribution o f galaxies according to 
their properties, is the galaxy luminosity function. The galaxy luminosity function 
is defined as the co-m oving number density o f galaxies per unit magnitude per 
unit volume as:
A N  A N
0 (M ) =  A  MAV01 m  =  ' ( 21)  
The most com m on parametrisation o f the luminosity function is the Schechter 
function, proposed by Schechter (1976):
<A(L)dL =  ^  , (2.2)
or, in a more useful form, using absolute magnitudes:
<f>(M) =  0.4 In 10 ^*[io°'4 (M*-M )](i+a)e-10° , (2.3)
where L*(M*)  is a characteristic lum inosity(m agnitude) where the LF exhibits a 
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Figure 2.6: A small area o f the M GC survey (red dots), superimposed upon a 
grid (gray area) o f the same area that has been processed with the M G C mask 
algorithm. The holes in the survey area are due to CCD  separation, bad pixels, 
overexposed stars, bad fields and cosm ic rays (Liske et al., 2003).
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LF for values L <  L* (faint end). <j>* is a constant with units o f number density 
and is used in the normalisation o f the LF.
The LF o f galaxies is probably the most useful tool in use for statistical prop­
erties o f galaxies. It has been studied extensively for many years and although 
it is well understood for a wide range o f luminosities and galaxy types (Loveday 
et al., 1992; Zucca et al., 1997; Croton et al., 2005a) the lack o f very deep surveys 
that have accurate spectroscopic redshift information has hindered the accurate 
determination o f the faint end (Trentham & Tully, 2002). There are various 
methods for the determination o f the luminosity function. The choice is often 
dictated by the galaxy sample to be used or the problem parameters. Reviews 
on the various aspects o f the luminosity function can be found in Binggeli et al. 
(1988) and Efstathiou et al. (1988). In this chapter, the luminosity function o f 
faint galaxies will be determined using the m ethod outlined in Phillipps & Shanks 
(1987) and Loveday (1997).
2.3.2 The correlation function of galaxies
Identifying structure is alone not enough. The presence o f structure must be 
translated in a statistical quantity and a mathematical tool developed so various 
workers in the field can use these measurements to com pare between various 
surveys. One way to do so is to compare the observed galaxy distribution with a 
distribution that is de facto  random. In a given distribution, the probability of 
finding a galaxy occupying an infinitesimal volume element TV is:
5P =  n5V  , (2.4)
where n is the mean number density and is independent o f the position. The joint 
probability o f finding an object in two volume elements <5Vj, 5\ 2  at separation r ] 2  
is
¿ P  =  n 2 < 5 W 2 [ l + £ ( r 12)] , (2.5)
where £ (r12) is the two-point correlation function. Defined in an identical way, is 
the cross-correlation function between two different distributions o f objects, with 
densities nA and n B respectively. The probability o f two objects o f type A and B 
being in volume elements 5VA and 5VB is given by:
5P  =  n An BSViSV2[l + £ ( r i 2)] . (2.6)
In a uniform Poisson distribution the probabilities o f finding an ob ject in SV] and 
6V2 are independent so the joint probability is simply
SP =  n26Vl SV2 . (2.7)
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The probability o f a galaxy having a neighbour within a distance r is,
¿ P  =  n i V [ l + £ ( r ) ]  . (2.8)
It follows that the average number o f neighbours within a distance r is the integral 
o f that equation and therefore
(N )  = -n r ^ n  +  n [  £ { r )5V  . (2.9)
3 ' 0
The correlation function £ (r) is therefore a measure o f the clustering o f galaxies. 
If £ (r) >  0 then the galaxies are clustered together whereas £ <  0  indicates anti- 
clustering and in that case galaxies are avoiding one another. In the case o f £ =  0 
the distribution is random.
In order to calculate the probability faction for a given sample o f galaxies, 
the number o f pairs between galaxies must be retrieved. The expected number 
o f galaxies for a given volume V  is N  =  n V 8 V (  1 +  £ (v )), therefore the number 
o f distinct pairs in that volume would be ArDD =  \n2DV 5 V (  1  +  £ (r )). If the data 
are cross correlated with a random sample, then the number o f pairs would be 
A W  =  URfiDV5V. Solving for £ (r), the equation becomes:
A 'dr nd
There are other estimators for the correlation function that are more robust in 
certain cases. The estimator 2.10 was proposed by Davis h  Peebles (1983), but 
was later shown to be biased for certain cases and have considerable larger vari­
ance that the estimator proposed by Landy & Szalay (1993)
aiiVDD +  a2  A/dr. +  « 3  A W
£(**) = ----------------- a7------------------------ ! .  ( 2 -H )jVRR
with a\ =  , a2  =  — ” r WdL 0  and a3  =  1. This estimator was originally
proposed as an angular correlation function estimator but it is applicable as a 
galaxy correlation function as well. Finally, Hamilton (1993) proposed a third 
estimator that has the form
_  4ndn riVDDjVRR
(nr — l)(n d — l)iVgR ’ j
that again exhibits better variance and is unbiased. The use o f these estimators 
is somewhat com plim entary and similar results from all the estimators is a good 
test to root out any systematic mistake. The estimator used for the calculation 
o f any correlation function or angular correlation is 2 . 1 2
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Estimating the correlation function is sometimes more com plicated than it 
seems. The sample o f galaxies is usually incomplete, since most surveys are 
magnitude limited. The survey covers a limited area o f the sky and also has a 
specific magnitude range. To avoid errors arising from this incompleteness, our 
random sample must have the same characteristics. In most cases this is achieved 
by creating a random catalogue that covers the exact same area on the sky and 
has the same selection function for the galaxies and their magnitudes but it is 
unclustered, to compare against
2 .3 .2 .1  Projected Correlation Function
Even when information about the redshift o f a galaxy exists, this does not nec­
essarily mean that an accurate three dimensional map can be constructed. Red­
shift information (as an indicator o f the cosmological distance) is distorted by 
the galaxy’s peculiar velocity. This can result in an incorrect estimation o f the 
true distance and thus a miscalculation o f the true spatial correlation function. 
One way o f working around that effect is working with the projected correlation 
function and then inverting it to get the spatial correlation function.
Given two galaxies with redshifts Z\ and z2  and with an angular separation 
91 2  in the sky, their separation parallel to the line o f sight, 7r, and their separation 
perpendicular to the line of sight, rp, can be calculated:
The projected correlation function £ (7t, r p) is defined again by the probability o f 
finding a galaxy at separations 7r and rp, 8P =  n8V(  1 + £ ( 7r ,rp)). As before, 
by calculating the number o f pairs around each galaxy in the data sample and 
between the data and a random catalogue, the correlation function in bins of 
parallel and perpendicular in the line o f sight separation can be calculated,
At small separations, £ (rp, 7r) may differ from the space correlation function due 
to the peculiar velocity o f each galaxy. Iri order to avoid that effect, £ (rp, ir) is 
integrated over the redshift difference 7r. In this way the projected correlation 
function E(rp) is obtained. To get the spatial correlation function E (rp) is solved 
for f ( r )
7T =  Z\ — Z 2 (2.13)
(2.14)
( 2 .1 6 )
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For appropriate values for the integral limits, in order to include all the galaxy 
pairs and peculiar velocities and change variables, equation 2.16 can be rewritten 
as follows,
S ((j) =  2 d x £ ( V c r2  +  x 2) (2-17)
Jo
roc
=  2  /  rd r£ (r ) ( r2 — o 2)* . (2-18)
If the space correlation function is modelled as a power law o f the form £ (r) =  
( r / r 0 ) 7  then
( 2 I 9 )
2 .3 .2 .2  Angular correlation function
In many cases information about a galaxy’s distance is absent, yet its position is 
known. There are many catalogues with galaxy positions but without containing 
the redshift o f the galaxies, since the acquisition o f a redshift measurement was 
too  time consuming or too difficult or even unnecessary when that particular 
survey was under way. In that situation the angular correlation function w(9)  
can be used instead, which has a similar definition to the correlation function with 
the replacement o f the volume element with a solid angle element and the physical 
separation between two galaxies with their angular separation. Therefore, in the 
same manner as before, the possibility o f finding an ob ject in a solid angle element 
and f i 2  is defined as
5P  =  n5Qi(5Q2[l +  ^ (# 1 2 )] , (2.20)
so it follows that
w(#) =  2 2 ^ 0 0 - 1  _ (221)
n /VDR
where n indicates the surface density.
Inverting the angular correlation function w (9 ), in order to get £ (r) is more 
com plicated than inverting the projected correlation function. One has to solve 
for £ (r) from Limbers equation
JoX dxxAcj)2{ x ) f ^ oody^[{x292 +  y 2) 12] 
w{9) =  i r w  ’ ( 1
where the selection function </>(:r) is defined as the probability per unit volume o f a 
galaxy at distance x  to be included in the sample. As in the case o f the projected
correlation function, if £ (r) oc r - 7  then w(9)  oc 01-7 . This is an im portant result
because it can help us estimate the value o f 7  for a given galaxy sample in a time 
efficient way (since the estimation o f w(9)  is quite simple).
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Figure 2.7: A centre galaxy at distance y and a galaxy at distance x  viewed in 
projection, in a ring with radius a around the centre
2.3.3 Measuring the luminosity function using galaxies 
seen in projection
The use o f galaxies seen in projection to calculate the luminosity function was 
carried out by Loved ay (1997). The method is based on the assumption that 
smaller galaxies will be clustered around bigger ones. Following Loved ay (1997), 
consider a galaxy at known distance y. The mean number (n) o f galaxies that arc' 
seen in projection to be clustered around it with magnitude m and are in projected 
separation a, assuming a luminosity function (b{M) and a spatial correlation 
function £(r) for the galaxy distribution, would then be
(n) =  I  (/>[AI(x,m)}V{x)(l + £ ( r ) ) d m d \ '  , (2.28)
Jo
where r =  \J x 2 +  if2 — 2  xy  cos 0 , is the physical separation between the galaxy 
centre at distance v and a galaxy at distance x, with an angular separation 9 =  
a/y.  If the angle 9 remains constant, then the volume o f the cone defined by the 
observer and a ring around the centre at distance y o f Figure 2.7 is given by
dV =  r 2 sin 9 dr (¡9 d(j) =>
(2.24)
d\r =  (2tt sm 9 da/y) f ^  x 2 dx
since 9 =  a/y  =8 > dB =  da/y.
The expected number o f galaxies around the centre at distance y would then 
becom e
, , 27rasin 96a I"*' , , , ,  ,
in) =  ------------------- /  d)[M(rn. :/:)) drnx ( l + ^ ( r ) ) d x  , ( 2 .2 o)
V Jo
where a defines the percentage o f the projected ring that is included in the survey 
region and it is defined by the survey mask. Not ing that I lie integral in the
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equation can be broken in two parts
I x 2o(.\f, x)  dm d.r +  I  x 2£ { r ) ó (M ,  x )  dm dx . (2.26)
Jo J o
F(jllowing Davis & Peebles (1983) and Norberg et al. (2002) the projected corre­
lai ion function E(ct) (or wp as it is sometimes known) is defined as
(a = £ (o', 7T)djr , (2-27)
where n and a  is the separation o f 2  galaxies parallel and perpendicular to the line 
o f sight. Equation 2.27 can be rewritten using the real space correlation function 
£ (r) as
/* + :>c
[cr = S(y/&y* +  a 2) d A y  , (2.28)
where A y  is the parallel to the line of sight distance to the galaxy used as centre 
at distance y. If t / » a  and £(y)  <C 1. Taking into account that for a sphere of 
radius x
O [d/(.;\ m)] x 2dmdx  =  J  j  <p [M (x ,  rn)] x 2dxd.Q^ dm =  N (m )d m  ,
(2.29)
equation 2.26 is simplified into
In) gs ~r,7r'; n̂ c <7 +  0 (M ) i j2E{a)dm]  , (2.30)
y
where N{rn)6m  is the surface density o f the faint survey.
Following the same procedure for a randomly generated catalogue, inside the 
geometrical limits o f the faint survey, o f galaxies that have the same luminosity 
function (¡){AI) but do not display any clustering, equation 2.30 follows the form
, , 2 a7r sin 96a ,
(nr) s s ----------------- Nr (m)6m  , (2-31)
IJ
where (nr) is the number o f random galaxies observed around the centre galaxy 
and Nr is the surface density o f the random catalogue. From equations 2.30 and 
2.26 follows that




N [m )  nr
=  1 +  cp{m)E{a)y /N(m )  , (2.33)
and defining the relative excess estimator X ( M . a )  — o ( M ) E ( a )  it follows ,
(2.3 1)X ( M . a )




p{m, a, y) =  — 1 k{m, a, y ) y 2 , (2.35)
A ( m )
where k(m, a, y) is a factor o f order unity that is used to correct foi t he biases 
caused by the approximation in equation 2.30.
To make X ( M ,  a)  an unbiased estimator o f &{M)E(a ) ,  k ( m , a , y )  is t aken to
be
G>(M{m,x)).r*Z{r)6x
k(ni,a,tj )  =  ——   . 2.36
y -E {a )$ {A [ (m , i j ) )
If the form of the solution for o ( M )  is denoted by ov  it is obvious that a solution 
for (f>i depends of </>*_,, making this calculation an iterative procedure. Choosing 
<po as the luminosity function o f the 2dFGRS survey, the solution converges for
i <  10 .
2 .3 .3 .1  O ptim al weights and variance
The relative excess estimator X i (A L a )  is calculated for each centre galaxy and 
gives a noisy estimation o f the luminosity 0 (m ). In order to reduce the noise, all 
X t estimators need to be combined in an optimal way. If each centre galaxy I 
with X it is assigned a weight bu then the final form of the excess estimator would 
be
Affinal =  b l X i  ) /  E  b> ' ('1 X 7 )
\ i = 0  /  (
The expected variance in iij is
X n 1 «  n\[ 1 +  p(m,  ct, y)(p(m)E(a)}[l  +  N(rn)J2(0)][\ +  J^(M).J^(a)\ , (2.38)
where /  is the fraction o f galaxies with measured redshifts and the quantifies
Jz{0) and J'i(6) are defined as
r°




Js(cr) =  4tt / a tO,(a)da . (2.40)
Jo
During the summation over all centre galaxies, each measurement is weighted
by
1 [1 +  p( m.  a. y)o{ni)=, { (T)][ l  +  N ( m ) Jo(^)][l +  0 ( M  i-Ade»)’
I), n /. [ p ( m , ( T , y ) H ( ( 7 ) ]
(Ik1 estimated error in the final 0 ( 171) is
A,K m )  =  ^
2.4 Applying the method to redsliift data
2.4.1 Direct estimation of the luminosity function
I he measurement of the luminosity function using the satellite galaxies method 
is not a direct measurement nor is it the simplest wav to calculate it. A much 
simpler and direct method to retrieve a luminosity function from a survey with 
distance information is by using the 1 / 1  max method, assuming o f course that a 
sufficient deep survey exists.
Consider a survey o f N  galaxies, covering a solid angle o f il in the sky, down 
to magnitude m\\m and redshift range from zmjn to z„,ax. If tin1 galaxies are binned 
according to absolute magnitude XI, in bins with width A ! / ,  then the number o f 
objects in a given bin is from the definition o f the luminosity function
where 1 jim is defined by the maximum distance a galaxy with absolute magnitude 
M can have and still be included in the survey. For small A M  the result is
This estimator is seriously flawed. The assumption this method makes is 
that the galaxies populate the sky uniformly without taking in to account any 
inhomogeneities in the sample, especially if the sample is flux limited and not 
volume limited. Faint galaxies cease to be present in the sample but that does not 
mean that they do not exist but simply that they are not detected. Additionally, 
information on the exact position o f the galaxies in the absolute magnitude bin is 
lost, since the exact information as to where the galaxy lies in the A M  magnitude 
bin is omitted. To correct for the loss o f information due to the binning and try 
to correct for the bias in the galaxy sample one may sum over all galaxies in an 
absolute magnitude bin using the maximum volume as a weighting function, as 
first proposed by Felten (1976)
where Vmax is the minimum value o f r max(z), F(zmax) where V'max(z) is the max­
imum volume defined by the maximum redshift a galaxy can have and still be 
included in the sample and V ( z max) is the maximum volume the survey probes 
with a redshift limit zmax.
This is the 1/V max estimator o f the luminosity function. It is perhaps the 
simplest method for the calculation o f the LF. This estimator is not very robust
(2.46)
and is biased in cluster environments or void regions but in a well defined sample 
like the 2dFGRS, it can be used to accurately retrieve the luminosity function 
(Takeuchi ft  al.. 2000).
2.4.2 The luminosity function of the 2dFGRS
As seen from equation 2.36 an initial luminosity function for the sample is needed 
as well as the angular correlation function and the spatial and projected correla­
tion functions.
The luminosity function for the galaxies in the 2dFGRS has been accurately 
calculated for various galaxy types (M adgwick et al., 2 0 0 2 ) according to their 77 
parameter. The luminosity function for different spectral types and the associa­
tion o f the t) parameter with galaxy type and colour is a subject o f discussion in 
the next chapter. In the present calculation, the published luminosity function 
for all the galaxies in the 2dFGRS is used as a reference function. This involves 
some extrapolation o f the LF lit to faint magnitudes where the 2dFGRS results 
are noisy; the aim o f the present work is to improve this solution. As initial <j>{M) 
the luminosity function o f the 2dFGRS Madgwick et al. (2002) for all spectral 
types was used together with the residual fit for the faint end. The luminosity 
function is plotted in figure 2.8. The luminosity function has the form
o { M )  =  ¡Pschi-R- a , +  o ^ M .  a , b) , (2.47)
where psdi is a Schechter function and <pres is a function o f the form 10a+M/ with 
a =  4.7 and b =  0.5.
For each iteration, a Schechter function is fitted to the data until the solution 
converges (see figure 2.9). This happens after 5 iterations in most cases since the 
solution around M  =  M*  is quite stable and well defined. A simple Schechter fit 
is not able to fit the whole range o f data, therefore the final solution is divided in 
bright and faint end and is fitted with a second Schechter function as well.
2.4.3 The mock M G C  survey
In order to test the m ethod, a fake survey was created by John Peacock, from 
the galaxy simulation o f Cole et al. (2000). The simulation is a semi-analytical 
model o f galaxy evolution in Cold Dark Matter cosmologies. It has an arbitrary 
dark matter mass resolution and it successfully follows the formation o f galaxies 
from the gas that resides in the DM haloes. The shape, size and colours o f the 
galaxies that formed are calculated as well.
—  M a dg w ick  et al (2002) 
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Figure 2.8: The luminosity function of the 2dFGRS that was used as initial func­
tion. The dashed line is the fit to the luminosity function as given by Madgwick 
et al. ( 2 0 0 2 ), whereas circles indicate a Vmax calculation on the 2dFGRS galaxies 
o f the NGP. The LF stops around M^. =  -1 3 , although the lit is extrapolated to 
fainter absolute magnitudes when needed.
Schechter parameters Q M*
Mock survey LF 0.015 -0 .9 6 -1 9 .3 8
result LF using 0 <  0  <  5M pc 0.014 -0 .9 5 -1 9 .2 3
result LF using 2 <  a  <  5M pc 0.014 - 1 . 0 2 -1 9 .1 9
Table 2.1: The fitted values for the mock survey. The luminosity function param­
eters for the simulation are taken from Madgwick et al. (2002). There are two 
different set o f parameters for the result LF o f the simulation. The first, using 
a <  5M pc as the projected distance length and the second using 2 <  a <  5M pc. 
The two results agree well.
The simulation occupies a cube with a side o f 250 h r 1 M pc and has a lumi­
nosity function that resembles the 2dFGRS luminosity function. A  larger volume 
can be simulated by periodic replication o f this fundamental cube if necessary. A 
thin slice was selected from this box, that would yield a strip o f galaxies similar 
to the M GC strip, with —45° <  RA <  45° and 0° <  DEC <  1°. All galaxies 
that have an apparent magnitude less that 19.5 were grouped together to compile 
the catalogue o f the centre galaxies, whereas the fainter galaxies were treated 
as a faint survey that resembles the M GC catalogue in the magnitude ranges. 
The 2-point correlation function o f the simulation is similar to the correlation 
function o f the 2dFG R  survey (M adgwick et al., 2003) for passive galaxies, with 
Go =  6.10 h~x M pc and 7  =  1.95. The simulation does not include galaxies with 
an absolute magnitude fainter than M B =  —14. The geometry o f the simulation 
is quite simple, since there is no survey mask, therefore the creation o f a random 
catalogue within the limits o f the mock survey is straightforward. The random 
mock survey is created by redistributing the galaxy positions within the cube in 
a random way but not the magnitudes nor the redshift values o f the galaxies, in 
order to preserve the luminosity function. The final random m ock survey was 
constructed to be 5 times larger than the simulation.
The m ethod works quite well for the simulation, as seen in figure 2.9. The 
resulting luminosity function is given in table 2.4.3. The fit is a non linear least 
squares fit to a Schechter function. After a few iterations the result converges 
and there is no change to the output. The luminosity function o f the fake survey 




Figure 2.9: Contrast between the luminosity function o f the simulation (solid 
black line) and the luminosity function recovered using the satellite galaxies 
m ethod (circles). The simulation has a luminosity cutoff at M  =  —14. The 
bright end differs slightly, although it is well within the error. All galaxies that 
had an apparent magnitude o f rn <  19.5 were assigned as a simulated 2dFG R 
survey and the galaxies with m >  19.5 were used to calculate the LF. Also shown 
the initial luminosity function that was used to start the iterations. In order to 
test the adaptability o f the method, a very different initial function was used than 
the luminosity function o f the mock catalogue. The solution converged after only 
3 iterations.
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2.4.4 Galaxy correlation functions of the 2dFGRS and 
M G C  surveys
The luminosity function o f the 2dFGRS is used as the initial function for the 
method. The initial LF is not so im portant to be accurately calculated, since the 
method is iterative and will converge towards the best solution after time. One 
essential com ponent o f the satellite galaxies m ethod is the accurate calculation o f 
the correlation function o f the survey. There is an extensive bibliography for the 
correlation function o f the survey as seen in Hawkins et al. (2003) and Madgwick 
et al. (2003) and ¿¡(r) for the 2dFGRS can be considered as well defined for the 
purpose o f the present calculation.
According to Madgwick et al. (2003), the correlation length 7 ’o and slope 7  for 
the faint galaxies in the 2dFGRS have the values r 0  =  4.14 h~] M pc and 7  =  1.78. 
The correlation length does not change considerably for faint galaxies (figure 3 
o f aforementioned paper), so the use o f these values should be accurate for the 
satellite galaxies. The correlation length value affects the normalisation o f the 
luminosity function through equation 2.42 whereas the effect o f the correlation 
length is not so pronounced.
There is a relationship between the strength o f clustering and luminosity in 
galaxies, as was shown by Benoist et al. (1996). Bright galaxies were found to 
cluster more strongly than faint galaxies and the mathematical m ethod for the 
measurement o f this relationship has the form
A  =  0.85 +  0.15 F  , (2.48)
for the 2dFGRS galaxies, as quoted by Norberg et al. ( 2 0 0 2 ). The quantity b/b* 
is the relative bias and is measured against galaxies at L*, which in the case of 
2dFGRS is taken at M * =  —19.7 and equation 2.48 can be rewritten as
=  0.85 +  0.15 x io°-4 (Ai*-M) (2.49)
b*
As was shown in Norberg et al. (2002) there is no evidence for clustering segre­
gation according to luminosity for faint galaxies, so the bias correction is not so 
im portant for the faint end.
The projected correlation function is a derivative o f the spatial correlation 
function, as seen in equation 2.19. If a power-law form is assumed for the spatial 





Figure 2 .1 0 : The angular correlation function for the M G C survey calculated for 
various magnitude ranges. The final angular correlation function (m Me c  <  23.5) 
has been fitted with a power low o f the form w(9) =  {9/90)~a.
where
r f ^
170 =  r» T ( | p  '
The angular correlation function for the M GC catalogue w(9)  that was used is 
seen in figure 2.10. The function was calculated using equation 2.21 and com puted 
for various magnitude ranges o f the M GC catalogue. The fitted values to the 
function were com puted from the angular correlation function o f galaxies as faint 
as rriMGC =  23.5. The function has the form w(9)  =  {9/90)~a and the values o f 
the parameters are 90 — (4.2 ± 1 .4 )  x 10 - 3  radians and a =  0.67 ±  0.3.
Using the 2dFGRS galaxies as centres and the M GC catalogue, the application 
of the satellite galaxy method gives some interesting results. As seen in figure 
2 .1 1 , the luminosity function resembles the 2dFGRS luminosity function for the 
most part, in the absolute magnitude ranges of —19 <  M  <  —15 as expected. The 
purpose o f this method is not to retrieve the luminosity function at those ranges, 
since the LF has been well established with more accurate and direct methods. 
The focus is on the faint end o f the LF, where some interesting observations can 
be made. The luminosity function at the faint end differs significantly though. 
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Figure 2 . 1 1 : The luminosity function retrieved with the satellite method (black 
circles) compared against the 2dFGRS luminosity function (dashed line) for all 
galaxies. The luminosity function o f the M G C was calculated in two separate 
red,shift ranges as shown. Triangles with no error bars are an upper 1 .8 a confi­
dence limit to the function value at that point. The bright end o f the luminosity 
function o f the M GC resembles the 2dFGRS luminosity function. The faint end 
is not very well defined but there is indication that there are more galaxies that 
suggested by the faint end o f the 2dFGRS luminosity function. The dotted line 
at the faint end indicates a slope o f a  =  —1.75.
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from extrapolating the 2dFGRS luminosity in faint magnitudes. Unfortunately, 
the error in the estimation is quite large and the method yields only upper limits 
in most luminosity ranges. However, averaging over the measurements by fitting 
a power law appears to recover a steep faint slope as seen in figure 2 . 1 1 .
The faint slope o f the luminosity function has been reported before for dwarf 
galaxies residing in clusters. Sabatini et al. (2003) found a faint end slope of 
a  — —1.7 studying low surface brightness galaxies in the Virgo cluster. There 
are findings o f even steeper slopes with a =  -2 .0 ,  as seen in the Fornax cluster 
(Kambas et al., 2000). Not everyone agrees with such a steep slope though. 
Blanton et al. (2005) after conducting an analysis on extremely low luminosity 
field galaxies from the SDSS survey reported a faint end slope a  ~  -1 .3 ,  although 
their estimation is that if corrections for selection effects are applied, the slope 
will becom e steeper, around ~  —1.5. This is consistent with the value recovered 
in figure 2 .1 1 .
2.5 Conclusions
An attem pt was made to retrieve the luminosity function o f galaxies at the faint 
end by using the satellite galaxy method outlined in Loveday (1997). Even though 
the m ethod works quite well for galaxies close to M* luminosities, the resulting 
error in the estimation in the faint end does not allow a definitive outcom e. The 
uncertainties in the calculation are due to the lack o f a large number o f center 
sources in such low redshift as to contribute to the faint end. In a statistical 
m ethod such as the satellite galaxies method for the calculation o f the luminosity 
function, this lack o f objects generates a high level o f noise. Another source o f 
error is the fact that the center galaxies with low redshift have an angular search 
radius that is quick large. The high number o f satellite galaxies associated with 
each center galaxy in this case would include a large number o f galaxies that are 
not cluster around the center galaxy. Eventhough a correction factor is incorpo­
rated in the m ethod to account for that bias, larger errorbars are unavoidable.
Despite the large errorbars at the faint end, there is strong indication that 
the number o f dwarf galaxies is not as low as extrapolated from galaxy redshift 
surveys (M adgwick et al., 2002). Especially important is the faint end slope o f 
the luminosity function which appears to be steeper that the value reported for 
the 2dFGRS survey (~  —1.1). Eventhough the final result is not able to retrieve 
a faint end slope with good accuracy, it is able to place an upper limit to the 
faint end slope o f the luminosity function. This is a very important result since
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it allows the exclusion o f models o f galaxy formation within the cold dark matter 
theory that do not incorporate any mechanism to disrupt the creation o f many 
dwarf galaxies and supports models that incorporate feedback in order to limit 
the number o f low mass systems created (Efstathiou, 2000). The m ethod itself 
can be used as an independent test for either direct calculations o f the faint end 
o f the luminosity function or another inderect m ethod. Despite its com plexity in 
the calculation o f the luminosity function, the satellite galaxies m ethod is easily 
applicable to faint samples with limited or no redshift information and as such it 
can be used until a very deep redshift survey becomes available.
The retrieved upper limit to the faint end slope agrees with values calculated 
from surveys o f dwarf galaxies in clusters. Together, these results make the case 
that further investigation in to the faint end o f the luminosity will provide valuable 
information for cosm ology, although in order to do so in an accurate and definite 
way, the use o f a large sample o f dwarf galaxies with spectroscopic information 
is needed. The faint end o f the luminosity funcion is a very im portant missing 
element o f the CDM  model o f the universe. The accurate calculation o f its slope 
will shed light in one o f the m ajor problem of cold dark matter theories and help 
solidify (or reject) the current paradigm.
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Chapter 3
Black Hole Mass Function of the 
2dFGRS
3.1 Introduction
Since the discovery o f QSOs in the 1960s, it has been widely accepted that black 
holes were the driving force behind the massive energy output o f quasars (R obin­
son et al ,  1965). Despite the success o f gravity driven accretion for QSOs, the 
existence o f supermassive black holes in the centre o f normal galaxies was not 
subject to a similar reception until recent years.
Workers in the field noticed from early on that the observed quasars m ostly 
exist in high redshift and are not present in the local universe. But clearly, 
their central engines, these massive black holes, had to be somewhere, if not 
necessarily active. One obvious place to look for these missing beasts was the 
centre o f local massive galaxies (Soltan, 1982), and claims o f discovering black 
holes in galaxies other than the Milky Way were made (Tonry, 1984), but skeptics 
persisted (Binney & Mamon, 1982). Models o f quasar evolution backed this 
hypothesis though, and predicted that a large fraction o f the massive galaxies 
should indeed contain a black hole in their centre (Chokshi &; Turner, 1992; 
Cavaliere & Padovani, 1989). The observational constraint that prevented any 
undisputed discovery, was the limiting resolution o f the telescopes o f that time.
It was not until data from the HST became available, that the presence o f 
black holes in normal galaxies was confirmed, ending the long standing debate 
(see Korm endy & Gebhardt (2001) and Ferrarese &; Merritt (2000) for a review 
on black hole detection). Further studies showed that not only black holes existed 
as remnants o f a troublesome past in normal galaxies, but they also played a very 
im portant role in galaxy evolution and formation (Silk & Rees, 1998; Kauffmann 
& Haehnelt, 2000).
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The discovery o f black holes in quiescent galaxies not only proved what people 
had been speculating for many years, but also provided the astronomical com ­
munity with two unexpected (because no models predicted them yet) empirical 
relations between the black hole mass and the host galaxy characteristics. The 
first relation that linked the central black hole with the rest o f the galaxy was 
noted by Richstone et al. (1998). The mass o f the central black hole appeared 
to scale linearly with the luminosity o f the spheroid com ponent o f the galaxy. 
That relation would have been an enormous boon, since the bulge luminosity is 
relatively easy to calculate, but for the great scatter (~  0.5 dex) that it appear to 
have. Fortunately, a second, more accurate relation emerged, that between the 
mass o f the central black hole and the luminosity weighted stellar velocity disper­
sions o f the host bulge (Ferrarese & Merritt, 2000). This relation had a smaller 
scatter (~  0.3 dex) and proved to be more effective in accurately determining 
the black hole mass that the previous one. The M bb — a relation holds true for 
all types o f galaxies that exhibit a bulge com ponent and it worked very well in 
retrieving the number density o f the local black holes, which in turn verified the 
previous predictions that the central engines o f QSOs lie dormant in the centre 
o f massive galaxies in this cosm ological epoch.
Unfortunately, velocity dispersions are hard to measure and in order to utilise 
the large samples o f galaxies that were (and are) com ing out o f recent redshifts 
surveys, one would prefer to use the first relation between the black hole mass 
and the bulge luminosity. The difference in accuracy between the two relations 
was almost eliminated when McLure & Dunlop ( 2 0 0 2 ) reported that the scatter 
in the M bh — M buige is not as large as previous results indicated. They found that 
the scatter around the relation was o f the order o f ~  0.39 dex for a sample of 
galaxies that consisted o f AGN and quiescent galaxies. Furthermore, the relation 
exhibited much better behaviour (~  0.33 dex) if only the elliptical galaxies of 
the sample were used. The same tight relation was reported by Erwin et al. 
(2004), after doing a careful bulge/disk decom position o f galaxies and correcting 
for cases where galaxies were miss-classified and the inner disk contam inated the 
bulge. They also noted a similar scatter (0.31-0.35 dex).
3.2 The Data
3.2.1 2dFGRS revisited
In this chapter the 2dFGRS survey will once more be the main galaxy catalogue. 
Both strips o f the survey will be utilised, covering an area o f 562.5 square degrees
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for the NGP and 1125 square degrees for the SGP. Random fields were left out 
since they do not cover a continuous part o f the sky. Alm ost all galaxies o f the 
2 dFG RS have a spectroscopic redshift less that 0.3, with the median value being 
at 2 me(j 0 . 1 1 .
3.2.2 The SuperCosmos Sky Survey
The SuperCosmos Sky Survey is an ongoing project to digitise photographic plates 
taken with the UK Schmidt telescope (U K ST), the ESO Schmidt, and the Palo- 
mar Schmidt, using the SuperCosmos plate scan facility, located in the Institute 
for Astronom y in Edinburgh. The aim of the project is to digitise the whole 
sky but it is not yet concluded. So far the survey has covered the whole o f the 
southern sky and can provide B(U KJ) and R (U K F) band colours for that region 
(Hambly et al., 2 0 0 1 ). Since the 2dFGRS and SCSS survey both draw their galax­
ies from the same parent population (the APM  survey), the final data release o f 
the 2dFGRS survey include the bj and 7 7  magnitudes from the plate scans o f the 
SCSS . The plate magnitudes have been re-calibrated and are o f high quality, 
with an rms o f 0.13 in the bj — 7 7  colour. The measuring error, specifically for 
red galaxies, is even smaller in the range o f ~  0.08 (Peacock, 2003). One element 
that contributes to the scatter is that the colour equations in table 3.3 for the 
photographic magnitudes are imperfect. The colour transformations are based on 
SDSS photom etry but the colours o f the SDSS cannot predict the exact shape o f 
the bj and 7 7  magnitudes, since the passbands differ. Nevertheless, the scatter is 
still small and well within the required accuracy.
3.3 Elements of Galactic Morphology
3.3.1 Galactic Bulges
The objective o f this chapter is to calculate the black hole mass function o f the 
2dFGRS galaxies and investigate its properties. For the calculation o f the black 
hole mass o f each galaxy, the relation between the absolute magnitude o f the 
galactic bulge and the mass o f the black hole will be used, as reported in McLure 
& Dunlop (2002).
The bulge is the central, amorphous, smooth stellar distribution o f the galaxy 
and is defined relatively to the disk o f the galaxy, from which it differs in shape 
and surface brightness. There are systems that have no bulge, either because 
there is no disk to compare to, and the galaxy is considered an elliptical or 
there is no central distinct feature and the galaxy has only a disk com ponent.
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Figure 3.1: Apparent magnitude histograms for the final release o f the 2dFGRS 
survey, displaying the 2dFGRS bj magnitude (top) as well as the SCSS bj (middle) 
and r f  (bottom ) magnitudes.
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Figure 3.2: Apparent magnitude for the 2dFGRS survey plotted against redshift
This can be seen throughout the Hubble sequence o f galaxies, which divides the 
galaxies in different categories according to their morphology. If the assumption 
that a galaxy consists o f these two components, the bulge and the disk, then the 
Hubble sequence starts with systems that exhibit no disk structure (early types, 
ellipticals) and advances to systems that the disk com ponent dominates until 
it reaches disk-only configurations and finally irregular galaxies. As mentioned 
before, the black hole evolution is closely linked with the nuclear part o f the 
galaxy, therefore a way to separate the bulge from the disk must be developed.
Since there is no detailed CCD disk-bulge decom position for the thousands of 
galaxies in the 2dFGRS sample, a statistical approach must be utilised in order 
to estimate the bulge component o f a galaxy. It is believed that bulges are very 
similar to ellipticals in their properties o f luminosity and colours and they are 
generally older than the disk. This is still a matter o f debate though and may 
not be true in some cases. The exact nature o f bulges is not a resolved issue arid 
the debate is likely to continue (W yse et al., 1997) . Nevertheless, the similarity 
between bulges and ellipticals will be accepted as a given fact in the following 
analysis. Thus, working under the assumption that the bulge and the disk consist
57
of different stellar populations, the contribution o f the bulge to the total galactic 
light will be calculated using the ratio o f the different stellar populations as a 
measure. In order to do so, the colour (bj — r j )  information for the 2dFGRS 
sample will be utilised.
3.3.2 Galaxy colours
The colour index for two different bands A  and B is defined as:
where j\ is the spectral flux o f the galaxy and S ( X )  the filter-telescope sensitivity.
Colours essentially measure the ratio o f the fluxes near the effective wave­
lengths o f the selected filters. The ratio therefore, holds information on the shape 
o f the spectral energy distribution o f the galaxy. In a galaxy dom inated by old, 
cool, type II stars, the expected SED would tend to be more prominent in longer 
wavelengths, in contrast to the SED o f a galaxy with ongoing star form ation and 
a large population o f young, hot, type 1 stars. In the latter case, the SED would 
be more dominant in shorter wavelengths.
The (B  — R)  colour o f an elliptical galaxy is expected to have a large value, 
since the galactic light would be mainly picked up in the band that measures 
longer wavelengths, which in this case would be the R  band. Naturally, a disk 
galaxy, which has young stars and ongoing star formation, would have a small 
value o f (B  — R).  Unfortunately, since these particular filters are quite broad, 
the com position o f the stellar populations is not the only influence to the SED, 
therefore a large scatter in the relation between colour index and galaxy type is 
expected.
Galaxies that have a cosm ological redshift need a correction to their apparent 
magnitude, since the light that has been received in a given passband has actu­
ally been shifted from its original frame o f reference due to the geom etry o f the 
universe. In order to acquire accurate colours, calculation o f the the colour index 
at the frame o f reference is necessary, therefore the appropriate k-correction must 
be calculated (Hogg et a/., 2002). The apparent magnitude for filter A  will be 
using the k-correction:
(3.1)
3.3.3 The K-correction for 2dFGRS galaxies
m A =  M 4  +  5 log 1 0  D L +  k(A , z) (3.2)
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where k (A ,z ) is a function o f the given filter and redshift, M,\ is the absolute 
magnitude o f the galaxy which is the apparent magnitude the galaxy would have 
if it was at a distance o f 10 parsec. D L is the luminosity distance o f the object. 
The luminosity distance is defined as D L =  ( 1  +  z )rcomoving, where rC0 m0 ving is the 
proper distance to an object with redshift z. In a flat model,
r c o m o v in g  =  TV /  —  ~  — . • (3.3)
bfo Jo ( Q y v / ( l T z )  +  T2\ )2
The k corrections used for the SuperCosmos colours in the sample were cal­
culated using the method o f Blanton et al. (2003). This method was developed 
in order to calculate corrections for the colours o f the Sloan Digital Sky Survey 
galaxies, but it is adaptable for other filters as well . The method is explained in 
detail in the aforementioned paper.
The basic idea behind the procedure is to generate artificial galaxies, by com ­
bining models o f stellar populations, and observing them at various redshifts. 
These artificial galaxies (or Spectral Energy Distributions to be more precise) 
define a basis o f orthogonal galaxy spectra that can be combined in linear com ­
binations to produced any observed SED. Since the intrinsic properties o f the 
galaxies are known a priori, one can calculate the k-corrections needed for each 
type o f  galaxy at given redshift, in order to retrieve the colour gradients o f inter­
est. The results o f the above procedure for the SCSS colours can be fitted by the 
following equations:
K ( B j ,  z) =  (4.53C  -  1-63)3/ +  (2.01C -  4.03)y2 -  +  * , (3.4)
K ( R j ,  z) =  (1.45C -  0.08)y -  (0.48C +  2.88)y2 . (3.5)
where y — z / ( l  +  z) and C  =  (bj — rf) .  The error for the k correction estimated 
with the above equations is quite small. The uncertainty is o f the order 0.01 mag 
throughout the colour index-redshift space, an order o f magnitude more accurate 
than the colour uncertainty (Peacock, private com m unication).
The colour distribution o f the 2 dFGRS galaxies is a clear indicator that the 
bj — r f  rest frame colour value can be used as an estimator for the galaxy type. 
The colour-redshift plane is divided in two m ajor populations as was expected. 
Elliptical galaxies, having no star formation and older stars than disk galaxies, 
appear quite red on that plot, whereas disk galaxies have a bluer colour.
This is clearly seen in figures 3.4 and 3.5, where the division in the two popula­
tions is very clear. W ithout the k corrections, the colour appeared to be heavily 
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Figure 3.3: Observed bj — Tf colour for the galaxies in the sample. There is no 
visible separation o f populations.
This is not true for the rest frame colour. There is a clear separation o f the two 
populations as can be seen in figure 3.4 from the two peaks. Also any redshift 
dependence has been eliminated, especially for the red population (figure 3.5). 
In particular, the red galaxies appear to follow a very tight distribution, which 
is constant throughout the redshift range. The blue galaxy distribution, remains 
slightly redshift dependent, although not as strongly as before. The distribution 
is bim odal with a separation at around (bj — 7 7 ) 0  ~  1 .
The observed dichotom y in the galaxy population can be seen more clearly 
on the plot o f the rest frame colour against the 77 parameter that is included in 
the 2dFGRS catalogue, for galaxies where its estimation was possible. The 77 
parameter (M adgwick et al., 2 0 0 2 ) is the result o f an effort to divide the 2dFGRS 
galaxies in categories, according to their spectral type. The m ethod consists of 
projecting a galaxies spectrum onto different vector com ponents, keeping infor­
mation only for the most prominent spectral features. The 77 parameter is the sum 
o f two o f these com ponents that was found to retain ~  70% o f the total variance 
across the entire sample. The parameter was shown to be very tightly correlated 
with galaxy morphology. The 77 parameter is not available for all the galaxies 
due to the absence o f the Ha  line from the spectrum at redshifts z >  0.15, where 
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Figure 3.4: Rest frame colour (bj —r / ) 0  using the k correction mentioned in equa­
tions 3.4 and 3.5. In contrast with figure 3.3, the separation in two populations 
can be seen after the k correction is applied and furthermore the red population 
exhibits a very small dispersion in colour. This pattern is an indication that the 
rms error o f the red population is smaller than 0.13, as reported before.
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Hubble E E/SO SO SO/Sa Sa Sab Sb Sbc Sc Irr
T - 5  - 3 - 2  0 1 2 3 4 5 10
Table 3.1: Galactic Hubble type and stage T adopted from Binnev & Merrifield 
(1998)
E SO Sab Sbc Scd
B / T ( r ) 1 0.75 0.40 0.24 0 . 1 0
B / T ( r f ) 1 0.76 0.40 0.24 0 . 1 0
Table 3.2: Bulge to Total ratios taken from Kent (1985) using the median o f the 
reported values and transformed to the SCSS 7 7  filter. The colour equations were 
taken from Fukugita et al. (1995) for the transformation between the Thuan- 
Gunn r filter o f Kent and the SCSS 7 7  (Couch-Nowell filter o f Fukugita). The 
colour equations are very similar for all galaxy types, which is why the ratios are 
almost identical.
confirmation that the split o f the two populations is indeed physical in nature.
3.3.4 Correlation of colour and Hubble type
Galaxy colours have been found to correlate well with galaxy type as reviewed by 
Roberts & Haynes (1994), where the dependence o f galaxy m orphology to (B -V ) 
colour index was given. If the colour transformations o f table 3.3 are adopted, the 
(B -V ) colour index can be transformed to a (bj — r f )  colour index, in accordance 
with the present galaxy sample. The subsequent plot is shown in figure 3.7.
3.3.5 Dependence of bulge to total ratio on colour index
Bulge to Total ratio is defined as the ratio between the luminosity o f the bulge 
to the luminosity o f the whole galaxy. It is a measure o f Hubble type, since the 
hubble diagram is based upon that relation. Assuming a mass to light ratio for 
the galaxy, the B / T  ratio is transformed to the ratio o f the stellar masses in the 
bulge to the galaxy.
As the disk com ponent and the bulge com ponent o f a galaxy differ in age 
and starformation rate, their observed colours differ, therefore the observed B /T  
ratio will be dependant on wavelength. For a specified set o f filters, the bulge 
to total ratio could be specified by observing the colours. Kent (1985) has used 
CCD  photom etry o f a volume limited sample o f 105 luminous field galaxies o f 




Figure 3.5: Contour plots o f galaxy colours versus redshift. Top panel shows the 
observed colour whereas in the lower panel, the rest frame colour gradient is plot­
ted. To calculate the rest frame colour, the k-corrections from equations 3.5 and 
3.4 were used. It is apparent that the k corrections eliminate any redshift depen­
dence the colour distribution had. Also noticeable in the rest frame colour plot is 
the indication o f two separate populations. The red population exhibits a much 




Figure 3.6: Correlation o f rest frame colour with the 77 parameter o f the 2dFGRS 
survey. The lines divide the plane in the categories o f galaxies that the 2dFGRS 
survey was divided according to the 77 parametrisation. The contour lines depict 
number o f ob jects in a two dimensional grid imposed on the two axis, and are 
scaled logarithmically. The outer contour line represents a number density of 
1 0 2 ' 5  ob jects and the lines advance as 1 0 0 2
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Type
Figure 3.7: The correlation between morphology and mean galaxy colours. The 
values were taken from Roberts k  Haynes (1994) and adopted for the SCSS 
photom etric system, using the colour equation b.j -  r j  =  1.19(D  -  \') +  0 .0 2 .
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Figure 3.8: The relation used to retrieve the bulge to total ratio from the colours. 
Values are taken from Kent (1985) and Salucci et al. (1999). For ob jects with a 
colour value greater than bj — r j  =  1.1, the B /T  ratio is set at, B / 1=1, since those 
ob jects have no disc. Similarly, for objects that appear very blue (bj — r j  <  0.6), 
there is no bulge component.
results indicate that galaxy type correlates well with colour gradient, although 
the dispersion is large. From these results, after adjusting for the filter system 
used, a simple linear fit between the galaxies bj — r f  colour and the bulge to total 
ratio was used to predict the B /T  ratio o f a galaxy from each colour:
B/T — 1.70(6-,- — 7 7 ) 0  — 1.04 . (3.6)
The error bars in figure 3.8 are substantial. The inability to estimate a precise 
bulge to total ratio will contribute to a systematic error in the calculation o f the 
black hole mass. This uncertainty represents the com plexity o f galaxies as entities 
when discussing physical parameters like size, com position and mass. Statistically 
speaking, red galaxies do have bigger bulges (Baldry et al., 2004), but when one 
tries to apply relations like this to individual objects, the empirical relations 
break down. Galaxies are com plex system and red disks or blue spheroids do 
exist. Using the equation 3.6 is not advisable for small samples, although it can 
be used to infer general characteristic o f the total population. The contribution 
o f this uncertainty to the accuracy o f the calculation is investigated later in a 
M onte Carlo simulation.
m ag/colour transform
9' V  +  0 .54(B  -  V )  -  0.07
r' V  -  0 .44(B  -  V )  + 0 . 1 2
r< V  — 0.81 (V  — R c )  +  0.13





B g' +  0 .4 7 (<7 ; — r') +  0.17
V g' -  0 .55 {cf -  r') -  0.03
B - V 1 .0 2 (.g/ — r') +  0 . 2 0
V - R c 0.59(p' — r') +  0.11
bj ~  r f 1.13(5' ~ r ' )  +  0.28
R f r' -  0.13
bj ~  r f 1 .19 (5  -  V )  +  0 . 0 2
bj -  7 7 1 . 2 1  (5  - r )  +  0 . 6 6
R c Rp  +  0.7 5 ( 6 5  — T f)
Table 3.3: Colour transformations used in this chapter. Adopted from Smith et al. 
(2002); W indhorst et al. (1991); Fukugita et al. (1995).The filters are mentioned 









Figure 3.9: Luminosity functions for the 2dFGRS survey as reported in Madgwick 
et al. (2 0 0 2 ), for all types and galaxy types 1, 2 , 4 (ellipticals, SO/Sa/Sab and 
S c+  m orphological types respectively). The results are in good agreement with 
colour cuts o f the survey. The colour cuts were based upon the Super Cosmos Sky 
Survey colours that are quoted for each 2dFGRS galaxy when available (Humbly 
et al., 2001). The luminosity functions for the colour cuts were calculated with 
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SO/Sa/Sab 0.65<rfc<0.9
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M. -5los,  (li)h 10
Type M* a 0 * (lO - 3 /i3M pc :i)
All -1 9 .7 9  ± 0 .0 4 -1 .1 9  ±  0.01 15.9 ±  1.0
1 -1 9 .5 8  ± 0 .0 5 -0 .5 4  ±  0.02 9.9 ±  0.5
2 -1 9 .5 3  ± 0 .0 3 -0 .9 9  ±  0.01 7.2 ±  0.4
4 -1 9 .1 5  ±  0.05 -1 .5 0  ±  0.03 2.4 ±  0.2
Table 3.4: Schechter parameters for the luminosity functions o f the 2(11X1 RS 
survey as quoted by Madgwick et al. (2002). the cosm ology that was used in 
that paper is H0 =  1 0 0 km s_ 1 M pc_1, CTO =  0.3 and Q_\ =  0.7.
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3.4 Black Hole Mass estimation
As mentioned before, recent studies have shown that there is a very tight corre­
lation between the luminosity o f the bulge and the black hole mass. One of the 
key points o f this discovery was the fact that this relation holds true for active as 
well as inactive galaxies, therefore it can be used to calculate the BH mass of all 
the galaxies in the sample that have a bulge. This relation has the form (McLure 
A Dunlop, 2002)
log 1 0 i.\/bh/.\ /. ) =  —0 .50 (±0 .02 )A /fi -  2 .96(±0 .48) , (3.7)
where M . is the solar mass (1.98892 x 1 0 3 0 kg) and M r  is the absolute magnitude 
of the galaxy in the R  Cousins filter. The cosm ology used by McLure & Dunlop 
is Ho =  bOkms 1, Da/ =  1 and A =  0.
Lor a galaxy with a bulge com ponent o f luminosity and total luminosity
Lt , the difference o f the absolute magnitudes o f the bulge and the galaxy is given 
fry
3/butge -  Mg =  —2 .5 log 1 0  ( ^ )  , (3.8)
\ ^total /
therefore substituting for the absolute magnitude the equation for the bulge mag­
nitude becomes:
Mbuige =  m -  5 log 1 0  (£>,,) +  5 -  k(z)  -  2.5 log 1 0 ( 5 / T )  , (3.9)
where D L is the luminosity distance in parsecs and k(z)  is the k-correction used. 
When calculating black hole masses for very blue galaxies an upper limit was 
chosen based on the assumption that galaxies with no bulge (for a colour index 
less that 0 .2 ) have an upper limit to their black hole mass, which is defined as 
the BH mass for a galaxy with the same absolute magnitude and a B /T  ratio of 
0 .2 .
3.4.1 Comparison with Estimated Black Hole masses
The scaling relation between the bulge luminosity and the black hole mass of 
the central region does not come from any theoretical models. It is an empirical 
relat ion that arose from analysing the relation o f measured black holes masses and 
host galaxies properties. In order to confirm the validity o f the mass estimation 
for the 2dFGRS galaxies, a comparison has been performed, between the original 
black hole mass (independent dynamical measurements) and a mass estimated in 
the same way as the previous analysis. The black hole masses were taken from
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N ame B V R -4;? R type D (M pc) M ( 1 0 8 M . )
N4258 8.53 7.98 10.05 0.043 R j 7.2 0.390 ±  0.034
X 1 180 9.49 8.56 8.62 0.060 R j 16.7 35.7 ±  10.2
N3115 9.74 8.80 8 . 6 8 0.127 R j 9.8 9.2 ±  3.0
N221 8.72 7.84 8.61 0.166 R j 0 . 8 0.039 ±  0.009
N5128 7.30 6.42 6.35 0.307 R c 4.2 2.43 -,1 -1 . i
N4374 1 0 . 0 1 9.07 9.37 0.108 R j 18.7 17L26.7
N4697 10.07 9.18 9.03 0.081 Rj 1 1.9
N4649 9.7 8.75 10.28 0.071 r 17.3 2 0 .6 8_ ‘f 0 .2
N4261 11.39 10.39 1 0 . 2 1 0.048 R j 33 5.1 ±  1.2
N4564 11.96 11.06 11.45 0.093 r 14.9 0.57 ± 0 .1 5
N1459 10.83 9.88 9.43 0.042 R c 30.3 1 . 6  ± 2 . 8
N3379 10.18 9.24 9.64 0.065 R j 1 0 . 8 1.35 ±  0.73
N3245 11.65 10.76 10.76 0.067 R j 20.9 2.1 ±  0.5
N4473 11.03 1 0 . 1 1 10.9 0.079 r 16.1 0 .8 L-8 .,
N2787 11.61 10.59 10.46 0.36 r 7.5 0.41 ±  0.05
N3608 11.69 10.76 1 0 . 8 6 0.056 r 23.6 1 1 1 ■1 1 1  -0.3
N3384 10.75 9.8 10.51 0.071 r 11.9 0.14 ±  0.05
N4742 11.94 11.16 11.17 0.109 r 15.5 0.14 ±  0.05
N1023 11.76 10.93 12.16 0.139 r 10.7 0.44 ±  0.06
N4291 12.25 11.32 11.70 0.098 r 26.9 1.9 ±  1.2
N7457 11.76 10.93 12.16 0.139 r 13.5 0.036 ±  0.01
N821 11.72 10.79 1 1 . 1 1 0.294 r 24.7 0.39 ±  0.06
N3377 11.07 10.23 10.40 0.091 r 23.3 0 1 3° ' 10  u - 10 -0 .08
Table 3.5: Values taken from Merritt & Ferrarese (2001)(black hole masses and 
distances) and the N A SA /IPA C  Extragalactic Database (magnitudes), for galax­
ies with measured black hole masses. The B,  1' magnitudes are taken from 
(Vaucouleurs et ai ,  1991) and are k-corrected and galactic extinction corrected. 
Only galaxies that had a well defined magnitude (A m  <  0.2) were used. For the 
R  magnitudes, the best defined was used and transformed in to R c  using the 
colour equations of table 3.3. R j  depicts Johnson’s R magnitude, He  Cousins 
R  magnitude and r is used to indicate Thuan-Gunn r magnitude. Distances are 
given in Mpc; and the mass is in units of 10s solar masses.
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Merritt A Fcrrarese (2001), where a summary tor each individual detection is 
given. I he colours and magnitudes, together with galactic absorption parameters, 
were taken from the X A S A /IP A C  Extragalactic: Database. The details for each 
galaxy are included in table 3 . 5  and the comparison between estimated values 
and original values is plotted in figure 3.10.
3.5 Mass functions
3.5.1 The survey Black Hole Mass function
Although the luminosity function is an interesting result on its own, the main 
interest is the mass function o f the survey, which is very easy to calculate in a 
similar fashion. The transformation o f the luminosity function to a mass function 
is straight forward, given the assumption that L =  A A/^h. To avoid confusion the 
mass function in denoted with p (M )  and the luminosity function with (j>(L). The 
symbol M  here stands for the mass of the black hole and not o f course for the 
absolute magnitude.
o (L )d L  =  p ( M ) d M  => p (M )  =  . (3.10)
dM
Replacing the equation for the Schechter luminosity function with the mass of 
the black hole and dL/dM =  .1.1 \/
pa
p {M )  =  A lo,  { ^  j exp M
I L
M  . (3.11)
For given values o f A  and S, a transformation o f the optical luminosity function 
to a mass function can be performed.
A more direct method would be to use the Vmax method directly to the galaxies 
with calculated black hole mass by replacing magnitude or luminosity bins with 
black hole mass bins. In essence it is the same procedure as transforming the 
luminosity function to a mass function, since the transformation is incorporated 
in the Magorrian relation. The mass functions for the 2dFGRS sample are shown 
in figures 3.11 and 3.12. The shape o f the black hole mass functions suggests a 
parameterisation similar to the Schechter function
p(i l )d .\I =  p, ( | 0  « p ( - £ ) ^ .  (3-12)
This form has the very useful behaviour o f returning a very simple form when 
integrated over all masses in order to get the total density p0:
r o c
M p { M ) d M  =  /  M p ( M ) d M  , (3.13)
iin J 0
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p* ( 1 0 - 3 M p c -3) logm M * a po(h2 lO5 M 0 M pc~a)
All types (4.7 ± 0 .3 ) 7.94 ± 0 .2 6 -1 .1 4  ± 0 .0 2 4.6 ± 0 .4
E (3.4 ±  0.4) 7.92 ± 0 .3 2 -0 .7 7  ± 0 .0 6 2 . 6  ± 0 . 6
S0,Sa,Sb (4.2 ± 0 .4 ) 7.62 ± 0 .2 8 -1 .0 0  ± 0 .0 4 1.8 ± 0 .4
Sc,Sc+ (1.5 ± 0 .5 ) 6.91 ± 0 .4 0 -1 .3 0  ± 0 .0 5 0 . 2  ± 0 . 8
Table 3.6: Schechter fit parameters for the mass functions shown in figures 3 . 1 1  
and 3.12, together with the total black hole density value calculated for each 
population.The different populations are defined by their colour, as seen in figures 
3.11 and 3.12. For comparison purposes with other density values in the literature, 
a minimum black hole mass o f M min =  106 M 0  was assumed when calculating the 
total density.
f ° °  ( M \ a+l /  M \  IW ,
Po=p*i, ( ± )  exp( ' s : r M ’ ( 3 - 1 4 )
and making the replacement t =  M /M *, equation 3.13 then takes the form
poo
Po =  P * M * /  t ^ e ^ d t  , (3.15)
Jo
which leads to the simple form
p0 = p*M*r(a±2) , (3.16)
since the T(a:) function is defined as
poo
T (x) =  /  . (3.17)
Jo
The contribution o f the low mass black holes is negligible, since they are orders 
o f magnitude smaller than the m ajority o f BH, which peaks around M  =  1O8 M 0 , 
therefore the lower limit can be pushed to zero in equation 3.16.
Another form o f the black hole mass function is the log M  form which has the 
same relation as the magnitude function (j>(M) has with the luminosity function 
</>(L). There is no physical significance in using this particular form apart from 
the fact that it is much easier to fit a function to it. The equation is
p ( M ) d M  =  log(10)p*10(w-™*)(Q+1) exp ( - l O ^ - “ *)) , (3.18)
where w  =  loglo (M bh/M 0 ). In figures 3.11 and 3.12 mass functions are plotted 
and fitted to the data. Fit values are given in table 3.6. The resulting total black 
hole mass density for the various galaxy population is also quoted.
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3.5.2 Estimating the variance
The statistical error in the analysis is quite small (smaller that the size o f the 
symbols in figures 3.11) and 3.12. To calculate the noise in the data, the usual 
error for statistical noise was used:
Sp =  ( E  l A m ax) 1/2 (3 .19)
P  E  1 /  i'max
the same negligible error bars for the statistical noise resulted, when a jackknife 
analysis was performed on the data. The jackknife analysis consists o f excluding 
a part o f the data and doing the analysis again (Rodm ann, 2004). Ultimately just 
one point o f the data must be excluded, but for large samples the same results can 
be achieved by excluding a random sampling o f points that represent a fraction 
o f the data. The final error bars represent the variation from the mean for the 
calculated result values o f each analysis.
The black hole mass estimation suffers from a large systematic error though, 
not due to noise. The 2dFGRS sample is large and well defined, but two assump­
tions were made, which are sources o f uncertainty. The first assumption was that 
the different galaxy types have a well defined bulge to total ratio (equation 3.6) 
and the second was that the relation between the black hole mass and the lumi­
nosity o f the bulge was well defined. In reality there is scatter in both equations as 
was mentioned in the previous sections. There is also some uncertainty concerning 
the colour gradients used and the some uncertainty in the colour transformations 
but its contribution to the overall error is negligible comparing to the previous 
two.
In order to include error bars that represent this systematic uncertainty in 
the calculation, a Monte Carlo simulation for the resulting black hole mass was 
performed. A Monte Carlo simulation is a statistical way to measure the uncer­
tainty in a theoretical model. By producing a large amount o f mock data points, 
an analysis can be repeated many times and a statistical error can be estimated 
for the resulting parameters. The data points are randomly generated by a con­
volution o f the real data points and any error factor that needs to be investigated 
Rodm ann (2004).
In the present application, the theoretical model was taken to be equation 
3.7. For each iteration black hole masses were generated for all the galaxies in 
the sample, taking in to account the uncertainty o f the bulge to total ratio (a 
scatter o f ~  0 . 2  for the quoted values was assumed) and the scatter o f the mass 
luminosity relation in equation 3.7. The resulting mass functions for the 1000
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source method value
(Aller & Richstone, 2002) 
(Aller & Richstone, 2 0 0 2 ) 
(M arconi et ai ,  2004)
(Yu & Tremaine, 2002)
(4.8 ±  1 .6 )lO 5 M 0 M pe “ 3  
(6.9 ±  1.4)lO 5 M 0 M p c ~ 3 
(4.6 ±  1.6)lO 5 M 0 M pc " 3  
(4.7 ±  O.9)lO5 M 0 M p c - 3
Table 3.7: Reported results for total black hole mass density. The different esti­
mates o f  Aller and Richstone were based on different luminosity functions.
realisations and the resulting 2a confidence limits are shown in figure 3.14. The 
limits in figure 3.14 are not symmetrical, but there is a bias towards higher black 
hole masses. This is similar to the Malmquist bias (Butkevich et al., 2005) and 
arises because the calculated black hole mass is in fact a measure o f luminosity, 
since it is calculated using the Magorrian relation. As a result and since the 
luminosity function is calculated by using the maximum distance an ob ject can 
be and still be included in a magnitude limited sample, brighter galaxies tend to 
be artificially boosted, since fainter magnitudes are not included at large distance. 
If the detected galaxies appear to increase in brightness with distance, then those 
galaxies will also appear to have a larger black hole mass. This is evidently at 
regions where the mass function is steep and a systematic change in shape is 
observed, with higher mass density being boosted. This is a inherit problem  in 
luminosity like function calculations and should be taken into account when two 
different estimates are being compared.
3.5.3 The Black Hole Mass Functions in the literature
Results from the analysis o f Aller and Richstone (Aller & Richstone, 2002) are 
used to com pare with the mass function estimates. The results agree well with 
the published work, considering the scatter in the relations (values for the total 
mass density p are shown in table 3.6). Also, values o f the total black hole mass 
density from other published papers are given. The results all agree at a value 
o f ptotal =  5 ±  1.4. Given the individual error bars, all methods give equivalent 
results for different surveys. These results give a total black hole mass density 
larger than previously reported (Franceschini et al., 1998), which reflects the 
better calibration o f the scaling relations used.
3.6 Conclusions
The summary o f this chapter is as follows:
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• Firstly, an overview o f the 2 dFGRS survey was given, together with an 
explanation o f the colour bj and r f  magnitude information included in the 
final release.
• Secondly, an accurate way o f calculating k-corrections for the SCSS mag­
nitudes was presented along with proof that the colours included in the 
2dFGRS can be used as good indicators for galaxy types. A  relation be­
tween galaxy type and bulge to total luminosity ratio was discussed in this 
context as well.
• Thirdly, the 2dFGRS luminosity and mass functions were calculated. The 
luminosity functions for various colour cuts was shown to be highly corre­
lated to the 2dFGRS galaxy type luminosity functions. The mass functions 
for the survey were also com puted, and an estimation for the total density 
o f galaxies was given.
• Lastly, the previous results were compared to published values from the 
literature and shown to be well within the quoted error bars. Also, the 
ability o f the scaling relation between the bulge luminosity and the black 
hole mass, to retrieve the accurate mass was discussed, using known masses 
from the literature.
In this chapter, the colour information included in the latest 2dFGRS release 
was shown to be a good statistical indicator o f galaxy type. The bj and r j  colours 
are well calibrated and accurate and thus are good additions to the 2 dFGRS 
survey results. Furthermore, more accurate k-corrections were presented for the 
2dFGRS survey than previous reported. A lbeit the k-correction seldom takes the 
spot light in many project, it is essential and thus the new formulas will lead to 
better accuracy for future studies o f the 2dFGRS.
This chapter serves the purpose o f an introduction to the 2dFGRS black hole 
mass function. It is a necessary step, in order to continue to the next chapter, 
where the focus will shift to radio galaxies in the 2dFGRS. The colour information 
from the SCSS was shown that provides an accurate way to calculate black hole 
masses and also serves the role o f an indicator to the galaxy type. The black hole 
mass function allowed the calculation o f the black hole mass density for the local 
universe. The results agree well with previous work as seen in 3.7 and the size 
o f the sample allows for good accuracy. This results also agree with the soltan 
argument and indicate that the quasars seen in higher redshifts are indeed present 
in the local universe and lie dormant in the centers o f most galaxies (Soltan, 1982).
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The scaling relation used for this analysis is found to be just as accurate as 
the velocity dispersions method o f calculating black hole masses. There is a larger 
uncertainty when com plex systems are considered (bulge and disk objects, due to 
the large scatter that the various galaxy types exhibit in the colours) but in the 
case o f elliptical galaxies, the results are very accurate. This fact is vital for the 
next chapters, since the elliptical galaxies will be the centre o f the analysis.
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calculated M „ u ( M )BH sun7
Figure 3.10: Comparison between the estimated black hole masses using 2dFGRS 
colours and the bulge luminosity - black hole mass relation from McLure & Dunlop 
(2 0 0 2 ) and the quoted value for black hole masses from table 3.5. There is a good 
agreement for most values although there is a tendency to overestimate black 
hole masses using bulge luminosity. Nevertheless, considering that the scatter 
in the Magorrian relation is «  0.39 dex, most calculated black hole masses do 
indeed coincide with the measured masses. Only 3 points differ from the expected 
relation by more than twice the reported scatter in the Magorrian relation. This 





0 . 0 0 1  -
. . .  i  ; v ---  — V_ -  • "•
— - i - * ♦ .  • ^
COo





Ellipticals ( 1.05 < (b.-rf)0 )







J  I I id  I I L
log.,.(M/M )-21og h
e IOv sun' c 10
Figure 3.11: Black hole mass functions for the 2dFGRS total galaxy population 
(black circles) and the red galaxy population (red). The colour cuts are taken 
from figure 3.8. The high mass end of the total mass function is identical to the 
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Figure 3.12: Black hole mass functions for the 2dFGRS total galaxy population 
(black circles) and disk system galaxies (blue and brown). The colour cuts are 
taken from figure 3.8. The fitted model was that o f equation 3.18. The mass 
function o f the S c+  galaxies is restricted to very low masses and falls off quickly.
Figure 3.13: Histogram for the galaxies used in the calculation o f the mass func­
tions for the 2dFGRS survey. It is clear that galaxies with high BH mass are 
almost exclusively ellipticals, whereas SO/Sa galaxies dominate in the middle 
range. The contribution o f S c+  is restricted to very low black hole masses.
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Figure 3.14: The mass function for all the galaxies in the sample. The solid lines 
indicate the 2 a  in the scatter around the values after 1 0 0 0  Monte Carlo simula­
tions o f the Magorrian relation convolved with the error in the bulge luminosity 
relation with the black hole mass (equation 3.7) and the error in the calculation 
o f the bulge magnitude.
8 0
Figure 3.15: Comparison between the estimated black hole mass function (circles) 
for all galaxies, blue and red populations and the results from Aller & Richstone 
( 2 0 0 2 ) (dashed lines). The y  axis has been modified to agree with figure 6  o f Aller 
& Richstone ( 2 0 0 2 ). The results agree reasonably well. The red galaxies mass 
function to small masses is an extrapolation in the aforementioned paper.
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Chapter 4 
Radio galaxies in the 2dFGRS
4.1 Introduction
The focus o f the previous chapter was the central black hole o f galaxies and the 
mass function. In the present chapter the focus will be the relationship between 
the central engine and one aspect o f galactic activity, namely radio sources that 
are powered by AGN. Radio emission from galaxies is not only linked to the 
central engine but it is also observed in normal galaxies (Condon, 1992). W hen 
studying the properties o f the central engines o f radio galaxies, it is im portant to 
be able to distinguish between emission from the centre and emission from the 
galaxy. In the present analysis, the Ha line o f the 2dFGRS spectra was used to 
gain an insight to the amount o f radio power that was originating from the galaxy 
and not the AGN.
One other interesting aspect o f radio galaxies, is the relation between the radio 
output and the mass o f the black hole. There have been some conflicting results 
in the literature, with reports that a scaling relation o f the form P  ~  M 2 "5 exists 
between the radio power and the black hole mass (Franceschini et al., 1998) and 
claims that there is no such relation exists or at least it is not so straightforward 
(Ho, 2002).
4.2 The NVSS survey
The NVSS survey is a radio survey at the frequency o f 1.4GHz, that covers almost 
all o f the sky north o f dec >  —40 (J2000) covering 82% o f the whole celestial 
sphere and overlaps with the 2 dFGRS regions (excluding some random fields). 
It has a flux limit o f 2 . 2  m Jy and source density o f 60 sources per sq.degree. 
It has an angular resolution o f 45 arcsec FW H M  and nearly uniform sensitivity. 
Positional uncertainties vary from a raidec <  1" for strong sources (displaying a 
flux greater than 15 m Jy), to crra.;dec — 7" at the survey flux limit. The survey has 
proved invaluable for the astronomical community, since its wide area coverage 
allows many surveys to add radio flux to their results by cross-matching with 
the NVSS. Further details describing the survey and its design can be found at 
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Figure 4.1: A numerical histogram for the sources in the NVSS survey that are 
contained within the limits o f the 2dFGRS two main strips (NGP, SG P). Most of 
the sources have a radio flux at 1.4GHz very close to the NVSS limit ( 2 . 2  m jy ). 
There are sources that have a radio flux o f a few Jansky, although they are quite 
few. O f these sources, around 3500 were identified with optical galaxies selected 
from the 2 dFGRS.
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4.2.1 Matching radio sources with 2dFGRS galaxies
4 .2 .1 .1  Binary tree search m ethod
In order to identify the radio counterparts o f the 2dFGRS galaxies, a nearest 
neighbour search in a binary tree approach was used. A search for nearest neigh­
bours consists o f identifying the nearest points o f a data set to a query set of 
coordinates according to a distance modulus. The procedure is straightforward 
enough for small sets, were the distance to every point is calculated and subse­
quently compared with the distances to the rest o f the set points, to form the 
group o f nearest distances to the query point. In case o f large databases though, 
this procedure is not time efficient, since for one set o f query points N  calculations 
have to be performed, where N  is the number o f elements in the database.
To achieve sufficient results in an acceptable time frame, manipulation o f the 
database is needed. A com m on way to do so is to use a search tree configuration. 
The spatial coordinates o f the set are arranged in a box or node, which is subse­
quently divided in two. The rules o f the split depend on the m ethod o f search. 
The resulting nodes are themselves divided and the procedure continues, until the 
number o f points in each node is equal to a predetermined small number (most 
usually one element per node). A  binary search tree is a binary tree in which 
each internal node X  stores an element such that the elements stored in the left 
subtree o f X  are less than or equal to X  and elements stored in the right subtree 
o f X  are greater than or equal to X. By placing a query set o f coordinates som e­
where along the defined space, one can easily identify the node that the query 
point is part of. In this way, one can restrict the quantity o f distance calculations 
measurements to only the points that are part o f the same node, and if this is not 
adequate, to the neighbouring and parent nodes as well. In this way, the number 
o f calculations is reduced to a worse case scenario o f log 1 0  N  calculations.
4 .2 .1 .2  The number o f radio sources
The NVSS radio survey is very extensive, covering a large part o f the sky and 
containing ~  2 * 106  radio sources. It would be pointless to use all the survey, so 
it is better to apply the matching algorithm to the radio sources that are around 
the two large regions o f the 2dFGRS field. Only the NGP and SGP region sources 
are used, whereas sources from the random fields are om itted. This is because 
the two regions have been studied extensively and the survey limits and masks 
are easier to use, unlike the limits and the mask o f the random fields. There 
are 162754 radio sources in the region o f the sky that the two main strips o f the 
2dFGRS are. The somewhat generous limits o f this particular region o f the NVSS 
are
For the South Galactic Pole region, the coordinates are broken in two sets:
SGP
R A  G [0, 57.5] n  R A  e  [320, 360]
DEC G [ - 3 8 , -2 2 ]  1 1 DEC G [ -2 1 , -3 8 .5 ]
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4 .2 .1 .3  Identifying double radio sources
During the procedure o f identifying the radio counterparts o f the 2dFGRS galax­
ies, a search for the ten nearest radio neighbours was performed. The number 
o f nearest neighbours does not need to be very large since there are only a few 
possibilities.
• The first possibility is for the galaxy to have no radio counterpart. The 
resulting neighbours would then lie far away and the galaxy will be subse­
quently dropped from the final sample or there could be a random identifi­
cation with a radio source. The way the search is performed is adjusted in 
such a way as to minimise the random encounters.
• A second possibility would be that the galaxy has a radio counterpart in a 
one to one match. Most identifications are realisations o f this possibility.
• Not all radio sources in the NVSS are well defined and resolved. There are 
cases o f extended sources that have been resolved in two or three individual 
sources. In this case, the search for an optical counterpart would take place 
in an area around the centre o f the com bination o f the radio sources.
• Finally, an optical galaxy could lie in close proximity to more than one radio 
source. If the radio sources do not appear to be linked to each other (by 
being parts o f an extended source), then the closest source to the optical 
galaxy is taken as the proper identification.
In order to investigate if a radio source is associated with another radio source, 
the semi empirical m ethod o f M agliocchetti et al. (1998) is used. Consider two 
radio sources with fluxes 5 j and £>2 , separated by an angle 6. In order for the two 
sources to be linked, they have to fulfil two criteria. First o f all the ratio o f their 
fluxes should satisfy 0.25 <  (S 1 /S2 ) <  4 and secondly their projected separation 
should be less than their link length. The link length is defined as
r — (S\ +  £>2 ) 2  x 10 , (4-1)
where the fluxes are in m J y  and the link length is in seconds o f arc. This empirical 
relation is a manifestation o f the relation between the angular size o f radio sources 
and their flux as seen in figure 4.2 (O ort, 1987) If two radio sources appear to be 
linked, then a new source is added to the catalogue, laying on the axis defined by 
the two linked sources and flux the sum of the two individual fluxes.
The optical galaxy sample consists o f the public release o f the 2dFGRS best 
spectroscopic observations in the redshift range 0.001 <  z <  0.3 and confined in 
the NGP and SGP strips. The result for a search in the 2dFGRS survey region 
for radio galaxies, using a maximum distance o f 16 arcseconds, yields 3430 single 
sources and 2 1  sources associated with double radio sources. These galaxies make 
up a very large radio galaxy sample with accurate redshift and colour information.
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Radio Flux (m Jy)
Figure 4.2: The relation between the median angular size o f radio sources with 
the source flux. The graph was replicated from Oort (1987). Since the plot 
represents the median size o f a source, a generous link length was used in the 
text, r — 1 0  * 0 med) to include the large error bars.
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Search Radius (arcseconds)
Figure 4.3: O f the 10 nearest radio survey neighbours reported for every 2dFGRS 
galaxy, only galaxies that have an angular distance o f 16 arc seconds or less in 
the sky are kept. From this plot, it is obvious that for larger radii all the reported 
matches are probably due to random identifications. N  on the plot depicts the 
number o f matches and A N  the increase in number o f positive identifications from 
the previously used search radius. The dotted line represents the value A N / N  
expected from a random survey with surface density similar to the NVSS, namely 
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Figure 4.4: An example o f a cross match between an optical source and two radio 
sources that appear to be connected and are replaced by a single radio source as 
described in the text. The markings are as follows: 0  marks the coordinates o f 
the optical source (z — 0.157), R marks the coordinates o f the two radio sources 
that were identified as connected with each other and X  the com puted centre o f 
the new radio source. It is obvious from the contour plot o f the NVSS fits file, 
that the galaxy is a radio source with lobes and the optical detection coincides 
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Figure 4.5: Another example that demonstrates more clearly how effective the 
empirical formula for identifying connected radio sources. The optical source lies 
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Figure 4.7: Even though the radio image appears to contain multiple radio 
sources, the com puted centre o f the radio galaxy again coincides well with the 
optical 2dFGRS identification. Galaxy at redshift z — 0.0439.
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4.3 The radio luminosity function of the 2dF- 
GRS
Following the same m ethodology as when calculating the optical luminosity func­
tion o f the 2dFGRS, one can calculate the radio luminosity function for the se­
lected radio galaxies in the database. The radio luminosity function has been 
accurately calculated for a number o f surveys o f radio galaxies, since radio obser­
vations o f large samples have been around for a while and the results seen in figure 
4.8 agree with previous publications. There is nothing new added in the calcu­
lation o f the local radio luminosity function apart from perhaps slightly better 
accuracy, since most measurements were based on photom etric redshifts that were 
not as good  as the spectroscopic redshifts o f the 2dFGRS and the samples used 
where smaller. Therefore, the chance to offer a slightly improved measurement of 
the radio luminosity function for the 2dFGRS area should not be overlooked.
The radio flux from the NVSS in combination with the redshift information 
from the 2dFGRS can be used to calculate the radio luminosity for every galaxy. 
The radio luminosity P  is given by the formula
p  =  ¡ R D \ { \ + z f +a , (4.2)
where f a  is the observed radio flux at the given frequency (1.4 GHz for the 
NVSS), D 4  is the angular diameter distance D a =  R COmoving(1 +  z ) ~ l and in 
order to calculate k-corrections for the radio source, a power law spectrum was 
assumed ( f a  oc u~a where v the frequency o f the radiation). The value used for
a  in this case was 0.8 (Peacock, 1999). The resulting quantity has S.I units o f
W H z_ 1 sr“ 1.
The m ethod for calculating the radio luminosity function is the 1 /V max esti­
m ator Felten (1976), although when calculating the maximum volume a galaxy 
can occupy and still be included in the survey, one has to take in to consideration 
the radio limit for the NVSS as well. Thus, the luminosity function estimator for 
galaxies with radio luminosity in the range P ~ ^ f < P < P  +  ^  would take the 
form
W  = £
where VmaxW  is defined as the least o f the observed survey volumes VfffffGRS and 
V ™ *  that the i-th galaxy can occupy and still be included in the final sample. 
The limit for the optical selection is bj =  19.45 mag at the faint end and bj =  14 
at the bright end, whereas the flux limit for the NVSS is 2.2 mJy.
4.3.1 Isolating the core
4 .3 .1 .1  R adio output due to star form ation
Radio emission comes mainly from three categories o f galaxies.
• Normal elliptical galaxies that exhibit a radio signature.
• Active galactic nuclei that are radio loud.
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Figure 4.8: The local RLF for the joined 2dFGRS-NVSS sample, plotted with 
the radio luminosities published by Sadler et al. (2002). The local radio lumi­
nosity agrees very well with the published results. Similarly, the radio luminosity 
function for the AGN galaxies as published by Sadler et al. (2002) and the radio 
luminosity for the red galaxies in the sample are very similar. Blue galaxies dom ­
inate the faint end o f the radio luminosity function and agree with the radio LF 
o f the star forming galaxies. The differences in the radio LF appears at the point 
where the total RLF starts being dom inated by AGN. Blue galaxies do not follow 
the fade out o f the star forming galaxies but they are still present in the higher ra­
dio luminosities although their contribution to the total RLF is minimum. Colour 
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Figure 4.9: The absolute magnitude - radio luminosity plane for the radio selected 
2dFGRS galaxies. There does not appear to be any correlation between the two 
quantities. The strong selection effect is due to the fact that most radio sources 
have radio fluxes close to the NVSS limit and inevitably the higher the redshift 
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Figure 4.10: The black hole mass - radio luminosity plane for the radio selected 
2 dFG RS galaxies. Effects due to the flux limit o f the NVSS survey are once 
again obvious. Despite that, hints o f correlation between these two quantities are 
present, especially in the redshift bins z € [0.10,0.15] and z  €  [0.15,0.20].
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•  Star forming galaxies.
In the first two categories, the radio output comes mainly from the core of the 
galaxy and the central black hole is responsible for the radio output. In star 
forming galaxies the radio emission is due to supernovae bursts, which accelerate 
relativistic electrons that ionise HII regions at their outer shocks (Bell, 1978). 
The relativistic electrons emit synchrotron radiation that registers in the radio 
frequencies, together with the bremsstrahlung radiation from the ionised regions 
(at least for the 1.4GHz frequency of the NVSS, these are the main contributions 
to radio output that is not AGN originated. For higher frequencies, dust radiation 
prevails). At the same time such galaxies emit Ha recombination radiation due 
to the HII regions ionisation by radiation coming from massive stars.
Star formation is not present only in one particular type of galaxies, so in 
most systems the observed total radio power is the cumulative result of both 
nuclear activity and star forming activity. If any predictions are to be made 
about the core radio output, the contribution of the SF activity needs to be 
subtracted. For the largest percentage of complex galaxies (both AGN and star 
forming activity), this correction is very small and does not alter the total radio 
output in any significant way, since the radio output from the central engine 
outshines by order of magnitude the radio output due to star forming activity. 
This correction will effect weak radio sources that are present in mostly blue 
galaxies. Nevertheless, the correction is important in order to better understand 
the properties of weak radio galaxies and look for any correlation between radio 
activity and AGN properties such as central black hole mass..
4 .3 .1 .2  Ha as a tracer of radio output due to star form ation
The 2dFGRS spectra include information for the Ha emission from galaxies, since 
Ha lines fall inside the recorded spectrum limits. Since HII regions are a strong 
indicator for star formation, the power in the Ha emission line of the spectrum  
can be used as an indirect probe of the radio output due to SF activity. The 
calibration of the 2 dFGRS spectra is troublesome, preventing any estimation  
for the H a luminosity directly from the spectrum. Fortunately, the SCSS 7 7  
magnitude can correct that.
Since the 7 7  magnitude covers the Ha line (Ha line is encountered at 656.3 nm, 
whereas the 7 7  filter is centred at 650 nm with A  A =  90 nm) and in SF galaxies 
the line is very prominent, one can assume that the ratio of the equivalent width 
of the line to the AA of the filter would be equal to the ratio of the Ha luminosity 
to the 7 7  luminosity.
Let r be the observed 7 7  magnitude of a galaxy. From the galaxy spectrum the 
equivalent width of the Ha line, WHcn can be estimated. Therefore, the apparent 
magnitude due to the Ha line would be given by:
The apparent magnitude for a 1 Jy flux is m (l Jy) =  8.69 (Peacock, 1999). Then 
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Figure 4.11: The spectrum o f a galaxy (bottom  right figure) at redshift z =  0.14, 
with negligible Ha emission. The spectrum has been shifted to the rest frame o f 
the galaxy. The top panel, displays the spectrum after substacting the continuum. 
The continuum was calculated by taking the median o f the values in regular, small 
parts o f the spectrum .The bottom  left panel display the values used to calculate 
the equivalent width o f the line (circles indicate a flux point in the 2dFGRS 
spectrum file).
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Figure 4.12: The spectrum of a galaxy (bottom  right figure) at redshift z=0.09, 
with strong H a emission. The spectrum has been shifted to the rest frame o f the 
galaxy. Top panel, displays the spectrum after subtraction o f the continuum. The 
continuum was calculated by taking the median o f the values in regular, small 
parts o f the spectrum. Bottom  left panel display the values used to calculate 
the equivalent width o f the line (circles indicate a flux ’’ point” in the 2dFGRS 
spectrum file).
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Figure 4.13: The Ha and P] ,4 ghz relation for all the galaxies that have an Ha 
line. The galaxies are split according to rest frame bj — r f  colour from very blue 
(top left) to red objects (bottom  right). The line in every plot indicates the 
linear fit between the optical and radio luminosity for the very blue galaxies. The 
assumption is that for these objects, most o f the radio output comes from star 
forming activity and it is not due a central engine. For the rest o f the galaxies, 
it can be seen that most objects exist above this line as expected.
and the m onochrom atic luminosity o f the Ha line can be retrieved from 4.2 as­
suming a spectral index o f a  =  0.3 for an optical source.
From the L (H a) — PR relation, a lower limit o f radio emission for galaxies with 
prominent HQ lines can be estimated, which will not be related to nuclear activity 
and then subtracted so the radio signal contains only core emission. O f course, 
for galaxies with powerful central engines, the radio emission from the AGN  is 
order o f magnitudes higher that any SF emission, so this correction effectively 
affects only low mass galaxies. The relation between the Ha luminosity and radio 
power at 1.4GHz for the very blue galaxies in figure 4.13 is
log 1 0  P i . 4GHz =  (0.65 ±  0.09) * log 1 0  L Ua +  (2.14 ±  2.6) . (4.6)
The scatter in figure 4.14 has a large scatter which is a result o f many fac­
tors. Since Ha is an indirect tracer o f radio activity due to star form ation, it 
is difficult to assure that the selection o f the galaxies that define equation 4 . 6  is 
accurate. Com plex galaxies also contribute to the scatter. It can be seen that
1 0 0
Figure 4.14: The Ha and jPi.4 ghz relation for all the galaxies that have an Ha line. 
The galaxies are split according to rest frame bj — 7 7  colour. Very blue galaxies 
are plotted as blue circles, galaxies that are below the red galaxies split point 
((bj — r f )0<  1.05) are plotted as brown circles, whereas red objects are plotted as 
red dots. The line indicates the fit from equation 4.6.
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Figure 4.15: The RLF for all the sources before and after subtracting the radio 
output that is not caused by the central engine. The total radio luminosity func­
tion now is similar to the initial radio LF o f the red galaxies. The red galaxy RLF 
has been slightly reduced as well. Blue galaxies have been eliminated. This is the 
radio luminosity function o f the black holes without star formation contributions.
the galaxies with the most radio output in Fla luminosity are red galaxies that 
also are amongst the most powerful radio galaxies as well. Galaxies with a radio 
active AGN in the bulge com ponent and a disk with ongoing star form ation are 
com m on and cannot be identified by one spectral line only.
Dust also plays a role in the case o f star forming galaxies. The presence o f dust 
in a spiral will make this galaxy appear red, eventhough the radio output from 
the galaxy can be solely due to intense star formation. W ith only the (bj — 7 7 ) 0  










log10(MBH/M sun )-2 lo g 10h
0.10<z<0.15










I09io(Mbh/Msun )-2 lo g 10h
0.20<z<0.25
■ ■■A;* •




sun )-2 lo g 10h
0.25<Z<0.30
sun ) -2 lo g 10h
Figure 4.16: The black hole mass - radio luminosity plane for the radio selected 
2dFGRS galaxies but with the radio output due to starformation subtracted. A 
weak correlation between these two quantities is more obvious, especially in the 
redshift bins z G [0.20,0.25] and z G [0.15,0.20].
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Figure 4.17: The black hole mass - radio luminosity plane for the radio selected 
2 dFGRS galaxies but with the radio output due to starformation subtracted. All 
the galaxies are plotted. The correlation has the form P  ~  M bha with a  =  2.4.
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4.4 The black-hole masses of radio galaxies
4.4.1 Relation between black hole mass and radio output
In figures 4.16 and 4.17 it can be observed that radio output scales with the 
mass o f the black hole. The correlation is subject to discussion though, since 
the scatter is quite large even after subtraction o f radio emission not com ing 
from the core. The scaling relation o f P  ~  M 2A recovered agrees with previous 
results (Franceschini et al., 1998) but a tighter correlation is necessary in order 
for this result to be considered accurate. Figure 4.16 shows that even if there is a 
correlation between black hole mass and radio output for galaxies with high black 
hole mass, the resulting relation is due to selection effects mainly. Especially for 
galaxies with a low radio flux, the combination o f the NVSS flux limit with the 
2dFGRS magnitude limit (since a low black hole mass indicates a lowr luminosity 
as well, as far as the Magorrian relation is concerned) will create an effect as seen 
in 4.16.
4.4.2 Black hole mass function of radio galaxies
It is expected that the mass function of the radio galaxies should follow the mass 
function o f red galaxies, especially at the high end o f the mass axis, where almost 
all ellipticals reside. The mass function o f the radio sample was calculated in the 
same way as with the mass function for the whole o f the 2 dFGRS. As shown in 
the previous chapter, the colour information from the SCSS survey provides a 
fast yet accurate way to characterise galaxies according to their m orphology. It is 
expected that the radio galaxy population will consist m ostly from giant elliptical 
galaxies, therefore their mass function should coincide with the red galaxy mass 
function at the high end, as is the case as seen in figure 4.18.
4.4.3 Differential bivariate luminosity function
The mass function for the radio sample as well as the local radio luminosity 
function can be combined in such a way as to provide a bivariate luminosity 
function.
Let </>(log1 0  P, log 1 0  M )  be the number o f galaxies per unit volume per log 1 0  
unit mass and per log 1 0  unit radio power. This can be calculated using the 
same m ethodology as when calculating any luminosity function, but taking in to 
account the fact that there is a combination o f surveys, thus when choosing the 
maximum volume a galaxy can inhabit, both survey limits must be taken in to 
consideration and the lower o f the two Rmax values used.
For all the black hole masses o f the galaxies that have values in the range
M  G
A M  A M
M bh  : A/bh -----
the radio luminosity function for that particular bin was calculated, (figure 4.19):
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Figure 4.18: The mass function for radio galaxies and all the galaxies o f the 
2dFGRS with a rest frame colour larger that the reported values. It appears that 
the radio population does follow the mass function for all the red galaxies. The 
radio function begins to deviate as it approaches lower masses, since there exists 
a mix o f populations and slowly the sample ellipticals cease to be included in the 
mass bins.
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Figure 4.19: The bivariate luminosity function (radio power, black hole mass) 
for four black hole mass bins o f size 1 dex. The panels are (top left, clockwise) 
for black hole mass bins centred at log 1 0 (M bh/M © =  6 , 7, 8 , 9 respectively with 
A M  =  1 .
where Vmax(i) is the minimum volume for the zth galaxy.
4.4.4 Integral number counts
The number o f galaxies that have radio output P  greater than P 0  and their 
featured black hole has a mass in the range [M  — M  +  ^ - ]  is given by
iV (P  >  P0) =  f  P (l°g 1 0  M ,lo g 1 0 P )d lo g 1 0 P A lo g 10M  , (4.8)
Jo
where p (log 1 0  M , log 10P) is the differential bivariate luminosity function. The 
total number o f galaxies with black hole mass in the same range will be given by
r-M+Aiog10 M/2
iVtotai =  /  <K logio M ) d l o g 10 M  , (4 .9 )
J m - AlogM /2
where <^(log1 0  M ) is the mass function o f the 2dFGRS survey. The ratio 
is the probability II(>  log 1 0  P| log 1 0  M ) for a galaxy at that particular mass bin 
to have a radio output greater that log 1 0  P . The black hole mass function was 
calculated in the previous chapter and so the integral in equation 4.9 takes the 
form
pM-\-A logio Â /2
N {M bin) =  In 10 /  0.003410(M- 7'92)(°-33)e x p ( - 1 0 Ai- 7-92) , (4.10)
J m - AlogM /2
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Figure 4.20: The normalised to the total black hole mass bin density probability 
for a galaxy to have a radio output greater than P, in four black hole mass bins 
with width A  log 1 0  M  — 1, and centre at log lo(M /M 0 ) =  6 , 7, 8 , 9 as indicated in 
the plot.
where the mass function was substituted with equation 3.18 and the values taken 
from table 3.6.
In figure 4.20 the points represent the normalised to the total black hole mass 
density probabilities for galaxies with a specific black hole mass to have radio 
output greater that the quoted radio luminosity. These results are similar to the 
results given in Best et al. (2005), from radio loud AG N  in the SDSS survey.
4.5 Conclusions
In this chapter, the radio galaxies in the 2dFGRS sample were identified by com ­
bining the redshift survey with the NVSS radio survey. The resulting catalogue 
is a large radio catalogue with colour information and accurate redshift infor­
mation. Using this sample, the local radio luminosity function o f galaxies was 
calculated for the total as well as the red and blue populations in the 2dFGRS 
sample. The radio LF for the total population agrees very well with previous 
results. Also, the red population radio luminosity function is similar to the AGN  
radio luminosity function o f Sadler et al. (2002), which confirms that the radio 
emission o f red galaxies comes from the central region and shows that the use
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o f the (bj — Tf)o colour to statistically select AGN is accurate. This is not the 
case with star forming galaxies where colour selection fails to strictly identify SF 
galaxies as can be seen in the resulting blue sample radio luminosity function in 
figure 4.8, where the radio LF for the blue galaxies does not display the observed 
cut-off o f the optically selected SF galaxies.
An attempt was made to identify radio output due to star formation with the 
use o f the 2dFGRS Fla line and the SCSS 7 7  magnitude, by retrieving the Ah a 
luminosity and com paring with the radio output for blue galaxies. The relation 
is subject to large scatter but it can be used to provide lower limits for the AGN 
radio output. The use o f the 2dFGRS spectra to retrieve the Lhq line luminosities 
is a testament to the multiple uses the results from 2dFGRS can be put to.
A  correlation between radio output and black hole mass was identified and 
fitted with a power law with index a  =  2.4 which is in agreement with previous 
results but the significance o f this relation is not determined as it can be attributed 
to selection effects. This result is in agreement with the results o f Ho (2002) and 
advocate the idea that radio emission from AGN is a com plex procedure and not 
only a direct result o f the black holes existance. The presence o f selection effects 
casts doubts in previous results and the final conclution is that a direct scaling 
relationship does not exist.
By com bining mass estimates with the radio LF, the bivariate radio luminosity 
function for different mass bins was retrieved. This function can in turn be used 
to retrieve the probability o f a galaxy given each black hole mass to have a 
radio output greater than a given radio luminosity, The resulting functions have 
very similar shapes (apart from bins where there were very few galaxies and the 
result was skewed) which suggests that the distribution o f radio luminosities is 
independent o f black hole mass. This result confirms that there is no direct 
relationship between the black hole mass and the radio luminosity in AGN.
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Chapter 5 
The environment of radio 
galaxies
5.1 Introduction
The environmental dependence o f galaxy properties was always a m ajor issue in 
astrophysics. Alm ost every aspect o f modern observational cosm ology is influ­
enced by the underlying density field in which the galaxy or galaxies in question 
are embedded. From cosm ology models that predict the form o f large scale struc­
ture to radiational properties o f star forming galaxies, knowledge o f  the galactic 
environment plays an essential role.
The long established empirical observation was that spiral galaxies tend to 
prefer the lower density regions (field galaxies), whereas SO galaxies and partic­
ularly elliptical galaxies had a preference for clusters (Spitzer & Baade, 1951; 
Melnick & Sargent, 1977). Dressier (1980) offered a mathematical relation for 
this behaviour and showed that the percentage o f spirals decreases with increas­
ing density whereas ellipticals and SO tend to prefer high density regions. This 
was the first case where a mathematical relation was offered between the galaxy 
fraction and the local density. This result was expanded (W hitm ore et al., 1993) 
to include a description based on cluster radius as well as local density, which 
verified previous findings and showed that ellipticals tend to prefer the centre 
o f clusters in particular, an area where spirals are absent. Using a much larger 
sample, Hogg et al. (2003) confirmed that red galaxies (ellipticals and lenticulars) 
have a preference for overdense regions but found that the dependence o f blue 
galaxies on density is a weak function.
M odels o f galaxy formation within a Cold Dark Matter framework have al­
lowed a theoretical approach to the problem. Benson et al. (2003) showed that 
the luminosity functions o f galaxies residing in different mass haloes are expected 
theoretically to show m ajor differences. They found that for galaxies in low mass 
haloes the luminosity function is quite steep at the faint end, having a power-law 
form, whereas the bright end is dominated by very few galaxies. Only high mass 
systems display a luminosity function that is similar to the traditional Schechter 
form. The global luminosity function, a combination o f all the contributions from 
different sized haloes, does not reflect the significant differences though and fol­
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lows the shape o f the high mass systems. M o et al. (2004) using a halo occupation 
model in which the only parameter that influences the luminosity distribution in 
a dark matter halo is the halo mass to predict that bright galaxies should exhibit 
a Schechter like luminosity function regardless o f environment and only the char­
acteristic luminosity L* is affected by the environment. For late type galaxies, 
the slope o f the luminosity function has very weak environmental dependencies 
whereas early type galaxies display a significant change in the slope o f the func­
tion. The luminosity function for underdense regions was predicted to depart 
from the Schechter like model considerably.
In this chapter, the environmental dependency o f the radio galaxies in the 
2dFGRS sample will be considered. A numerical density map o f the 2 dFGRS 
sample will be constructed, using sm ooth particle hydrodynam ics (SPF1) tech­
niques. The dependence o f galactic populations on the local density will be inves­
tigated. The im portant question that needs to be answered is if radio emission 
depends on environment beyond any secondary correlations. The radio popula­
tion is predominately red, so it is expected that radio galaxies will be display 
similar dependence to environment as red galaxies. It will be very interesting to 
see if there is any difference between the two populations.
5.2 Theory
The basis o f the work done in this chapter is the calculation o f a density map 
for the 2dFGRS survey. The goal is to add information about the density of 
the region each galaxy resides in and use to split the analysis according to this 
information. The calculation o f the local density is very similar to the estimation 
o f a fluid density in SPH. O f course, there is no motion nor time dependence in 
the calculation so there are no dynamics involved. The SPH name is still used 
though since the idea for an adaptive density calculation was inspired by previous 
work on astrophysical fluids and SPH code.
5.2.1 Smoothed Particle Hydrodynamics
The most com m on density estimator is to define an elementary volume element 
dV  around a point o f interest and count the number o f ob jects N  that are included 
in it. Assuming that each ob ject has m  =  1, then the density is simply p =  
This m ethod is quite straight forward and simple in its implementation but suffers 
from information loss at certain cases. The size o f the volume element plays a 
critical role. If the volume element is too  big there would be loss o f information 
regarding any substructure within. If the volume element is too  small, there 
would be loss o f information regarding structure in the vicinity o f the point (see 
figure 5.1 for a simple example). Another drawback o f this m ethod is that it 
defines a grid unto which all properties are calculated. The resolution o f the grid 
will influence the speed o f any com putations considerably.
One solution to this problem is to use a different approach when defining 
the elementary volume, a technique that is encountered in sm oothed particle
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Figure 5.1: An example o f information loss when using a fixed volume element. 
If the element is too small, highly overdense regions tend to be underestimated. 
In case o f a large volume element, the information loss is positional. The dense 
region occupies only the upper part o f the volume element.
hydrodynamics. Instead o f a fixed radius imposed on a grid, the volume element 
can adapt to the presence o f objects around it.
5 .2 .1 .1  Sm oothed Particle H ydrodynam ics: Introduction
Sm oothed Particle Hydrodynamics (SPH) is used to describe a assemblage o f 
com putational techniques that simulate or investigate very com plex physical sys­
tems that consist o f a very large number o f particles. It is a tool that has been 
used extensively in astrophysics (see Monaghan (1992) for a review) and SPH 
code has been used as basis o f various models. The applications o f SPH are nu­
merous and they are by no means restricted to astrophysics. Examples o f the 
uses o f SPH in astronomy can be found in Gingold & Monaghan (1977), Lia k  
Carraro (2001), Benson et al. (2001) and Marinho k  Lepine (2000).
In SPH, the traditional approach o f measuring the properties o f particles (be­
ing gas molecules or stars or whatever the physical system consists o f) on a grid, 
is replaced by assigning a zone o f influence for each particle. Thus, when the need 
arises, retrieval o f the properties in question, at a point in space, is done by calcu­
lating the influence at that point o f the closest particles. This increases the speed 
o f the code substantially, especially in environments where the system evolves 
with time, because it eliminates the need for continuous iterations over the grid. 
Evolution with time is easier to monitor, since the code can keep track o f the 
closest particles to the point o f interest and monitor their evolution, eliminating 
the need to perform calculations with particles that are not going to contribute 
to the result.
5 .2 .1 .2  S P H  basics: The kernel
The kernel W (h ,d r )  (where h is the sm oothing length o f the kernel and dr the 
distance between the two points o f interest, dr =  |n - r 2|) is the founding block o f
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the SPH m ethods because it represents the zone o f influence o f the SPH particle.
Consider a particle i, positioned at r,. In order to measure a property f ( r )  of 
the fluid (i.e the sum o f all the particles) at a point r close to the particle, the 
contribution o f particle f t needs to be defined. Then f ( r )  =  Y tif i-  The quantity 
fi is dependent on the distance between the particle and the point o f interest and 
the kernel function is a measurement o f that dependence. Far away particles, will 
have very little or no contribution to the total sum whereas close by particles 
should heavily influence the value o f f ( r ) .  The form o f the kernel is arbitrary and 
is chosen to correspond better to the physics o f the problem.
A com m on example o f a kernel function W  is the Gaussian kernel,
-dr'11K1
» ' ( M r )  = ■  (5.1)
The kernel function is normalised is such a way that f ™ W ( h , d r ) d V  =  1 over 
the volume o f the system. Another kernel and the one that is used in the rest of 
the chapter is the spline kernel proposed by Monaghan (1992)
(  1  -  § (d r / / i ) 2  +  ¡{d r/ h )3, 0 < d r / h < l  
W ( h , dr) =  —— J 1(2 -  dr/h)3, 1 <  dr/h <  2 (5.2)71 tl [ 0, 2 < dr/h
The reason for choosing a spline kernel instead o f a Gaussian (the initial choice 
for most physical problems) was that the spline kernel has a point at which the 
influence falls to zero. For density calculations, it produced better results.
One advantage o f sm oothed particle hydrodynam ics is that the kernel is very 
easy to change, so various configurations can be tried. If the need arises for a 
fixed volume element that the kernel can simply becom e
= t i t  ■ <->
5 .2 .1 .3  S P H  b a s ics : S m o o th in g  le n g th  h
The sm oothing length can be chosen in various ways. It can either be a fixed 
length or be decided according to the particles that are in the vicinity o f the 
point o f interest. The second approach is preferable because it is able to give 
better results in extreme cases. This approach is sometimes termed Adaptive 
SPH. There are two different ways to choose a sm oothing length:
• h is chosen so that I * h <  r^ , where I is a number defined from the kernel. 
Usually 2 <  I <  3. For the spline kernel used, 1 =  2. r n  is the distance to 
the N th  neighbour. In this case, only the closest N  particles influence the 
point o f interest.
• h is chosen by averaging the distance o f the N  closest neighbours. The aver­
age can be a simple mean value (emphasising the more distant neighbours),
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Figure 5.2: A  simple drawing o f an adaptive SPH volume element. The volume 
considered in each case is molded to fit the environment at each point.
the median value to avoid dominance o f particles at great distance or even 
a sum o f the form
where m  is an integer, in order to emphasise the closest particles.
5 .2 .1 .4  S P H  basics: density
The density o f a fluid at a particular point is one o f the crucial properties o f 
every physical problem. In SPH formalism, the calculation o f the density becom es 
simply the sum o f the influence o f all the particles. Namely the density at particle 
i is given by
p(drk, h) =  ' ^ / m kW (drk/h) (5.4)
k
where drk is the distance between the points i and k , m k being the mass o f the 
k particle. If the calculation requires a simple numerical density then m k =  1 . 
W hich sm oothing length is used in 5.4 depends on the physics o f the problem. 
The two most com m on approaches to assigning a sm oothing length are:
• Scatter approach, h =  hk in 5.4 and for every term in the sum a different 
sm oothing radius is used. This is useful when the point at which the density 
is calculated is not a particle.
• Gather approach, h — hi in 5.4, where i is the particle that resides at the 
point the density is calculated at.
There is no difference in the results for these two m ethods at least for the present 
application o f a simple density calculation and so a gather approach was used.
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5.2.2 The coordinate system
The first step in retrieving the density at any point o f the survey is to define 
a coordinate system. The distribution o f galaxies in the 2dFGRS survey can 
be viewed as a 3-dimensional distribution in space. The right ascension and 
declination o f a galaxy are the longitude and latitude o f a spherical coordinate 
system. The redshift com ponent z  o f the galaxy can in turn be transformed to a
radial distance com ponent, thus the triplet (ra, dec, R ), where R  is the distance
that the redshift 2  corresponds to, will map the three dimensional distribution o f 
the galaxies in the volume that has been observed with the 2dFGRS.
These coordinates are redshift space coordinates and not real space, since the 
redshift is the sum of the cosm ological redshift and the redshift due to peculiar ve­
locity, but nevertheless an overdensitv estimator should not be heavily influenced 
by that effect.
To avoid large iterations over all galaxies a binary tree approach was used. 
Since the binary tree uses Cartesian coordinates to calculate distances, the trans­
formation for each galaxy then takes the form
x  — R  cos 9 sin 4>
y =  R  sin 0 sin 4> (5.5)
z =  R  cos <fi
where R. is the redshift o f the galaxy, 9 is the right ascension (in radians) and 4> 
is defined as cp =  | — dec , where dec is the galactic declination.
5 . 2 . 2 . 1  T h e  d is ta n ce  b e tw e e n  g a la x ies
This change in coordinates only takes place so the closest neighbours can be 
identified. Having identified the closest N  galaxies, the appropriate distances are 
calculated for each one as follows:
• For each galaxy in the survey, its com oving distance is calculated using the 
formula c z
Rc° moving =  Jfo 1  +  0.242 ^
This formula is a good approximation for the low redshifts the galaxy sample 
includes z G [0.001 : 0.25]
• Following Yoshii et al. (1993) the distance between two objects is defined
as
2   (  dx/dz \  2  2 / i 2
r = U r a J “ 2 + ^  < 5 - 7 >
where u =  A z, z =  Zl+Z2, x  =  -Rcomoving^), 9 is the angular separation of 
the galaxies and
dx/dz c / H q
(5.8)
\ /l k x 2  (1 +  z )y /f lo ( l  T  z) — K,q +  Aq/(1 +  z')2
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For the cosm ology used with k0 =  ft0  +  A0  - 1  =  0 and Q0 =  0.3 and A 
the above equation reduces to (Phillipps, 1994):
<dx _  c/H0
dz ~  v / Q 0(1 +  z ) 3 +~1 - f i 0 ’




Unfortunately estimating a number density in a magnitude limited survey is not 
as straightforward as one would like. A  magnitude limited sample is defined as 
one that contains all galaxies in the area surveyed that are brighter than the 
limiting magnitude m\\m. As a result, the farther a galaxy lies, the brighter it has 
to be in order to be included in the sample. Thus, as the redshift range shifts 
to higher values, the number o f observed galaxies decreases since the limiting 
absolute magnitude decreases with distance.
There are three basic m ethods that can be used to correct for this effect.
• The most frequently used m ethod is to define a volume limited sample. For 
a specific redshift range, that defines the volume o f the sample, there are 
galaxies that belong to an absolute magnitude range that would have been 
observed regardless o f their positioning in the effective volume. This cut 
in redshift and magnitude reduces the size o f the sample, but given a large 
number o f observed galaxies, the remaining subsample should be adequate 
for the calculation o f wanting quantities with a small statistical error.
• A  second m ethod consists o f applying a correction to the survey in order to 
account for the lack o f dim sources, effectively weighting any com putation 
according to a positional vector o f the galaxy or elementary volume that 
is being considered at the time. One weighting scheme uses the selection 
function. In this case 5.4 becomes
u \ £  k m kW {d rk/h)
p{drk, h ) =  -    (£>-1 0 )
where S (rk, M k) is the survey selection function and is defined as
<5-n >
and M m;n(r) is the faintest absolute magnitude that a galaxy must have at 
a cosm ological distance r in order to be included in the catalogue.
• The third approach and the one used in this chapter is to use a random 
survey which is subject to the same selection function for the galaxies. In 
this occasion an estimation o f the overdensity is possible instead o f the 
absolute density. The use o f the random catalogue eliminates the problem 
o f accounting for faint sources for an overdensity estimator.
5.3.1 Accounting for the survey mask
Using a random catalogue in the calculation o f the local density has some ad­
vantages over the other m ethods mentioned. It eliminates the need to calculate 
weights for every point, which is an increase in speed, and makes it unneces­
sary to reduce the sample size to a volume limited sample. Finally, the use o f a
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random catalogue corrects for any effects the geometry o f the survey contributes 
to the calculation and avoids com plications in cases with com plex mask like the 
2dFGRS.
For samples that consist o f a large number o f telescope pointings and expo­
sures, like a large redshift survey, the need for a survey mask is presented. There 
are fields in the 2dFGRS survey that have partial coverage or not at all. The 
2dFGRS has a rather com plicated mask so there are areas where there is a de­
ficiency o f galaxies not only due to the magnitude limits but also because the 
particular area was not com pletely covered. To avoid introducing com plex geo­
metrical transformations in order to correct for the mask it is much better to use 
already existing random 2dFGRS catalogues.
The random catalogues have the same luminosity function as the original and 
also have the same mask. The random catalogue is unclustered though. Therefore 
its density can be viewed as the mean density {p) and is a function o f position r. 
The overdensity Sp at distance r will be:
(r) =  P ( r ) - ( p ( rJ)
(p ( n )
where (p (r )) is the mean density o f the survey at position r. The mean density 
is taken to be the density at that point o f the random survey.
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re g io n ^min ^max
void region 1 - 1 . 0 0 -0 .9 0
void region 2 - 1 . 0 0 -0 .7 5
void region 3 -0 .7 5 -0 .4 3
mean region 1 -0 .4 3 +0.32
mean region 2 +0.32 + 2 . 1 0
mean region 3 + 2 . 1 0 + 6 . 0 0
cluster region + 6 . 0 0 oo
Table 5.1: The definition o f different regions in density space. The division o f the 
density regions follows the division used in Croton et al. (2005a) for comparison 
purposes. The format o f the table is region € [hmin, ¿max]
5.4 The numerical density field of the 2dFGRS
For each galaxy i, the N  =  40 closest neighbours are retrieved from the binary 
tree into which the survey was decom posed. For each o f these galaxies the real 
distance d is calculate as in equation 5.9. As a sm oothing length the quantity
1  '
hi =  — ^ d k (5.13)
fc=0
is used. A similar calculation for the sm oothing length o f the galaxies that belong 
to the random survey is performed.
The sm oothing radius is calculated for every galaxy and stored. The next 
step is to reiterate through all the galaxies in the real survey and retrieve a 
higher number o f closest neighbours (~  500) and calculate the density at galaxy 
i, by summing over them. The density pi is calculated for each galaxy using the 
gather approach for the sm oothing length, as well as for calculating the (p) at 
the same position from the random catalogue. The gather approach was chosen 
in order to avoid calculating a sm oothing length for the random catalogue, thus 
increasing the com putational time needed. Then the resulting overdensity for 
galaxy i is
Afake \ P i )
where iVreai and Afake is the total number o f galaxies in the real and random 
catalogue respectively.
Once the overdensity has been calculated, it is easy to separate the galaxies 
according to their environment. The values chosen for the various areas given in 
table 5.1.
5.4.1 The numerical density error
In order to get an understanding about the error in the calculation o f the overden­
sity in equation 5.14, a density calculation was performed using two unclustered 
catalogues. The first catalogue o f random galaxies had the size o f the 2dFGRS
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Figure 5.3: The distribution o f the overdensity values using two unclustered ran­
dom  catalogues o f the NGP strip as input and random catalogue. The distribution 
resembles a Gaussian but it is slightly tilted towards higher values. If it is treated 
as Gaussian with a full width at half maximum value o f 0.8, then as =  0.34
sample, whereas the second unclustered catalogue had the same size as the ran­
dom  catalogue that was used during the density estimation o f the 2dFGRS sam­
ple. Since both catalogues are unclustered, the expected value o f 8p is 0 . The 
values deviate from the 0 value as seen in figure 5.3. This distribution o f values 
around 0 can be used to estimate the error o f the overdensity calculation. The 
calculated error for the distribution if as =  0.34.
5.4.2 LFs in various density environments
Once the survey has been divided in various density regions, the retrieval o f the 
luminosity function for each density region is possible. Unfortunately, the simple 
LF estimator that was used previously is not suitable for the task. There is 
difference when calculating the luminosity function o f a subsample o f galaxies in 
the survey that is characterised by galactic properties (i.e colour or mass) and a 
subsample that is characterised by environmental properties like the local density.
The difference is due to the fact that environmental dependencies exclude 
certain parts o f the survey for the calculation, therefore the LF does not sample
-=c£L T T T m r r





the full volume. For example, when calculating the LF for the red galaxies in the 
2 dFGRS, the sample o f red galaxies covers the whole volume o f the survey. But 
when calculating the LF o f the galaxies in very dense regions, in J T  y ~  ^ 
assumed that the full volume is sampled. That is not true because regions are 
excluded on their properties, so the total volume is less than the full sample. In 
order to correct for this bias it is necessary to consider a different LF estimator.
5 .4 .2 .1  The Stepwise M axim u m  Likelihood estim ator
One non parametric estimator o f the luminosity function is the SW M L estimator 
that was introduced by Efstathiou et al. (1988). Following the aforementioned 
paper, the luminosity function can be assumed as a function o f N steps:
4>{L) =  , L G (Lk ~  A L /2, L k +  A L /2 ) ,  k =  1 , . . . ,  N
The likelihood, then is:
N  N  N
In L =  W ( L i  -  Lk) \n0k -  ^  (/)jALH[Lj -  L min(^ ) ] }  +  C
2 =  1 2 =  1  j  =  1
where C  is a constant and the functions W { x )  and H ( x )  are defined as
W ( x )  =  I 1  x ~ ^ f ^ x ^ x  +  ^ f  
*■ 0  everywhere else
and
0  x  <  -A h
H (X) = S  + l  X ~ ^ T  < x < x  + ^A/ 2 2
1 X + f
The normalization constant resulting from this m ethod is arbitrary, therefore 
it is im portant to impose some constraints in order to be able to directly compare 
results from different samples. The constraint adopted is o f the form
9 =  Y , ^ { ~ )  A L  — 1  =  0
k  V  / /
where Lf  is a fiducial luminosity and 0  is a constant, introducing the constraint 
to our estimator we have to maximise the quantity In L' =  In L +  Ag((f>k) with 
respect to A and <0k Finally:
E ,  W  ( U  -  L t
E , { t f  [ L k  -  L m i n ( z , ) }  /  E L  -  [ „ ¡ „ ( z , ) ] }
^  --------;— , ,‘ T ;  , . ------- ;— —  (5.15)
from which we can calculate the cj)k parameters with iteration.
1 2 2
void 1 void 2 void 3 meanl mean2 mean3 cluster
f / f  total 0.09 0 . 1 1 0.19 0.30 0.24 0.07 0 . 0 1
Table 5.2: The fraction o f the total volume Vtotai associated with each density 
region. The values are taken from Croton et al. (2005b).
5 .4 . 2 . 2  N o r m a liz a t io n  o f  th e  LF
The SW M L method recovers the shape but not the normalization o f the lumi­
nosity function <f)*. To calculate </>* independently. The estimator proposed by 
Efstathiou et al. (1988) for the normalisation o f the luminosity function relies 
on the survey selection function. The probability that a galaxy at distance x is 
included in the catalogue is
f Lmn , m n (¡){L)dL
S i x ) =  - mi--( m;n(x)’ min)-------------  (5.16)
frimax 4>(L)dL
and for a Schechter function this gives for the estimate o f
E  iS~'(x,)/v
T(fl T  1, Lm\n/L*) — F(g +  1, ¿m ax/L*)
(5.17)
summing over all galaxies in the volume V.
This is the proper procedure for the normalisation o f a luminosity function 
that includes all counts in the sample that is being considered. In the present 
application, when the survey volume is split into different density regions, this 
procedure fails because o f the change in the selection function. By separating 
galaxies in different density bins, one has to account for the fact that the binned 
galaxies do not sample the same volume any more. In order to com pare the dif­
ferent luminosity functions and normalise them to the same volume, the fraction 
o f the volume that each density bin occupies must be calculated. The fraction 
o f the total volume that each density bit occupies was taken from Croton et al. 
(2005b) (table 1). The values are reproduced in table 5.2.
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Figure 5.4: Comparison between the published results o f Croton et al. (2005b) 
and the luminosity functions calculated using a com bination o f Cmax and SW M L 
estimators. The luminosity functions are for the first mean overdensity region 
(table 5.1).
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Figure 5.5: Comparison between the published results o f Croton et al. (2005b) 
and the luminosity functions calculated using a com bination o f Cmax and SW M L 
estimators. The luminosity functions are for the second mean overdensity region 
(table 5.1).
125
Figure 5.6: Comparison between the published results o f Croton et al. (2005b) 
and the luminosity functions calculated using a com bination o f VmAX and SW M L 
estimators. The luminosity functions are for the third mean overdensity region 
(table 5.1).
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Figure 5.7: Comparison between the published results o f Croton et al. (2005b) 
and the luminosity functions calculated using a com bination o f Fmax and SW M L 
estimators. The luminosity functions are for the cluster region (table 5.1).
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Figure 5.8: Comparison between the published results o f Croton et al. (2005b) 
and the luminosity functions calculated using a com bination o f Cmax and SW M L 
estimators. The luminosity functions are for the second void region (table 5.1).
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5.5 Radio galaxies in the 2dFGRS density field
5.5.1 Introduction
One im portant question that this chapter tries to address is the relationship 
between the radio emission and the underlying environment. In particular, is 
radio emission somehow influenced by different density regions? It is not clear 
as to how and why a galaxy becomes radio active and perhaps the local density 
is one o f the catalysts for the creation o f a radio galaxy. If this is true, then 
radio galaxies are expected to show preference for a certain density environment. 
Radio galaxy models suggest that the radio luminosity Lracj is higher when the 
the radio source is confined in denser environments (Scheuer, 1974; Falle, 1991; 
Kaiser & Alexander, 1997). Therefore, more powerful radio galaxies will populate 
the higher density regions. This implies another correlation between the black 
hole mass o f the radio galaxies and the local density, more specifically, the radio 
galaxies with the highest black hole masses will be encountered in overdense 
regions.
Another possibility is that radio galaxies are created as the result o f collisions 
between galaxies and galaxy mergers Heckman et al. (1986). This would im ply a 
preference for higher density regions for radio galaxies once more, so as merging 
would be possible, but also that the radio galaxy population will not distribute 
the properties o f the non-radio galaxies as far as any environment dependencies 
are concerned. This is contradictory to the expectation o f the two populations 
displaying similar properties, if radio galaxies are a constant fraction o f the total 
population. If that assumption holds true, then radio galaxies are simply a sub­
sample o f the total population, thus the distribution o f radio galaxy black hole 
masses in various density regions would be similar to the total distribution of 
black hole masses in the same density regions.
5.5.2 The dependence of radio and non-radio galaxies on 
local density
The radio galaxies in the 2dFGRS have already been identified in a previous 
chapter and it is a simple matter to retrieve the overdensity region each radio 
galaxy belongs to. This will allow to compare various galactic properties between 
radio and non-radio galaxies.
In figures 5.9(a) and 5.9(b), the distribution o f galactic type according to 
local density can be seen for the two populations. Normal (non-radio) galaxies 
are found m ostly in mean overdensity regions o f course, with the red population 
exhibiting a preference for slightly higher densities, with a small percentage o f 
blue galaxies being present at high densities. The presence o f blue galaxies (thus 
star-forming) mainly at low density regions agrees with previous results that 
indicate that star formation is heavily suppressed in high density environments 
(Hashimoto et al., 1998).
Radio galaxies follow a similar trend. Apart from a concentration o f radio 
galaxies in the red region o f figure 5.9(b) which is expected given that most radio
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Figure 5.9: The ( 8 , (B j  — R F)0) and (5, 77) plane for the two populations. The 
background is a numerical density contour o f all the galaxies in the 2dFGRS. The 
black dots identify the radio galaxies amongst them. The black horizontal lines 
separate the density regions (table 5.1).
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galaxies are red, no trend can be identified between either 77 or colour with density. 
There seems to be a tendency for radio galaxies to concentrate 0 1 1  slightly denser 
regions than normal galaxies but it is not a heavily defined trend. The absence 
o f a strong correlation between radio emission and local density agrees with the 
findings o f Best (2004). The concentration o f radio galaxies in dense regions but 
not in very dense clusters indicates that radio galaxies live at the edge o f clusters.
In figures 5.10(a) and 5.10(b) the correlation between absolute magnitude and 
density as well as the dependence o f central black hole mass on local density. It 
can also be seen that for a given density region, radio galaxies are always at the 
high end o f luminosity and black hole mass amongst the distribution o f galaxies 
in said region. This tendency can be better seen in figure 5.11. It can be seen 
that blue galaxies (figure 5.11(b)) are not showing a different behaviour that the 
normal galaxy population and span the mass range, the red galaxies are constantly 
amongst the galaxies with the highest black hole masses in any given density bin.
The observations regarding the distributions o f normal and radio galaxies can 
be summarised as follows:
• Radio galaxies appear for the most part to follow the distribution o f the 
non-radio galaxies. A  small preference for the denser parts o f the mean 
regions is exhibited, but it does not appear to exist a significant difference.
• Red radio galaxies have the highest black hole masses at any density bin.
• Blue galaxies avoid high density regions.
• Blue radio galaxies appear to follow the normal populations as well.
5.5.3 The Kolmogorov-Smirnov test
The test employed to decide if radio galaxies have as parent population the pop­
ulation o f normal galaxies is the Kolm ogorov-Sm irnov test. The K olm ogorov- 
Smirnov test is a non parametric method that checks if a sample comes from a 
specific population. The main advantage o f the test relies on the fact that it needs 
no assumption about the distribution o f the underlying data. It is a distribution 
free test. The test can be used in order to compare if two distributions differ by 
a large degree.
The test is remarkably simple. Considering two data sets, A  and B,  with data 
set A  being the parent or test population (or the theoretical distribution in case 
of one set against an expected distribution). The question arises as to whether B  
follows the same distribution as A.  Let Pa and P B be the empirical distribution 
function o f A  and B  respectively. The empirical distribution function P ( x )  gives 
the fraction o f the the data that have values less than x,  so
p (x)  =  ^  . (5.18)
where n(x)  is the number o f data points with values less that x  and N  is the total 
number o f data points. Obviously P ( x  is a step function that asym ptotically
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Figure 5.10: The (<5, M bj) and (8, M bh) plane for all the galaxies. The background 
is a numerical density contour o f all the galaxies in the 2dFGRS. The black dots 
identify the radio galaxies amongst them. The black horizontal lines separate the 









Figure 5.11: The (5, M bh) plane for red ((bj -  r / ) 0  >  1.05) galaxies (top) and 
blue ((bj — Tf)o <  0.8) galaxies (bottom ). The background is a numerical density 
contour o f all the galaxies in the 2dFGRS. The black dots identify the radio 
galaxies amongst them. The black horizontal lines separate the density regions 
(table 5.1).
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Figure 5.12: The distribution o f radio galaxies black hole masses with regards to 
the density. There is no direct correlation with density although small mass black 
holes are not found in higher densities.
approaches P  — 1, with an increase o f per step. The KS statistic D  is taken 
to be the maximum distance o f P a and P r .
D =  max \PA(xi) -  P B{xi)\ (5.19)
C) < i < N
To make the test approximately independent o f sample size, the quantity
Z  =  is use(i (or in the case 0f a theoretical distribution and one dataY n A + n B  v
set Z  =  y/N).
5.5.4 Conclusions
The results o f the KS test seen in figures 5.14 5.15 and 5.16 are an indication 
that for the most parts radio galaxies are a subsample o f the general population. 
Radio galaxies are amongst the galaxies with the largest black hole mass in the 
red population which indicates that the presence o f a central black hole is a 
main factor in the creation o f a radio galaxy. Radio galaxies with large black 
hole seem to prefer high density regions, although cluster regions do not have a 
higher number o f radio galaxies than the other regions. This picture is consistent 
with the hypothesis that radio galaxies are the result o f merger activity.Heckman 
et al. (1986). In order for mergers to take place, there must be a large number 
o f galaxies, so it can only happen in high density systems. Really high density 
clusters do not encourage merger activity, whereas at the outskirt o f clusters the 
conditions are optimised for galaxy interactions.
No direct correlation o f local density with the size o f the radio galaxy black 




Figure 5.13: The distribution o f radio galaxies according to their colour and black 
hole mass. The three regions are defined in table 5.1. The black hole mass bin is 
centred at the quoted value and has width A lo g 10M  =  1. There is no obvious 





























Figure 5.14: The result for the KS test for red galaxies with small black hole 
masses (top panel) and medium black hole masses (bottom  panel). The small 
panel inside each figure shows the integral probability distribution for the two 
populations. The histograms are shown as frequency histograms in order to com ­
pare the shapes o f the distributions. The KS test value is shown as well. The 
radio galaxies with small black hole masses do not differ by any significant amount 
from the normal population. In the higher mass bin there is a small difference 
in the two populations. The results suggest that radio galaxies in this black hole 




Figure 5.15: Top panel shows the result o f the KS test for red galaxies with high 
black hole masses. Radio galaxies show a shift towards higher densities which 




Figure 5.16: The KS test results for the lenticular galaxies. Once again, for the 
small black hole mass bin, there is no difference in the two population. For the 
medium black hole mass bin, a small difference is observed but the value o f the 





Figure 5.17: The KS test result for the red galaxies with a high black hole mass 
again, although this time is divided in two redshift bins, in order to investigate if 
the apparent difference in the population is affected by selection effects. The two 
different redshift bins display a very similar behaviour so selection effects can be 
ruled out.
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dense regions. A high density environment explains the size o f the black hole. 
The galaxies with the largest black hole masses tend to be in the denser regions 
since the presence o f excess material will help the central engine to increase in 
size.
In order to better define the dependence o f radio galaxies on local density, it 
is essential that higher redshift radio galaxies are included in the analysis. The 
more powerful radio sources are vital for a conclusive study o f environmental 
effects. Another issue with the present density estimation is that in reality is not 
able to probe the local field in as fine detail as one would want. To better deal 
with high density regions and especially cluster regions, a finer grid is necessary, 
perhaps down to a few kpc scales, in order to observe any strong density effect 
on the galactic population.
As always, the answer will com e to those who wait (for the next bigger and 
better survey). The behaviour and identity o f galaxies is still an open question in 
astronomy and with the increase in size and depth o f surveys local environment 




In the closing chapter o f this thesis a brief outline o f the most im portant results 
and suggestions o f future and follow up work will be presented.
In the first chapter, which was the most independent work o f all the thesis, a 
m ethod was presented that allows the extraction o f information about the lumi­
nosity function o f a deep survey without redshift information. The m ethod relies 
on the hypothesis that faint galaxies are clustered around bright ones, therefore 
two surveys were combined in order to extract a sample o f galaxies with faint 
magnitudes and distance indicators. The 2dFGRS survey galaxies were used as 
centre galaxies, whereas the galaxies o f the M G C catalogue were used as the 
satellite galaxies that exist around the bright centers.
Eventhough the m ethod proved accurate for luminosities in the M* range, the 
uncertainty at the faint end did not allow an accurate determination o f a faint 
end slope for the luminosity function. An upper limit was given o f a  =  —1.7 to 
the Schechter function fit at the faint end. This is an im portant result, since it 
provides an observational restriction to models o f galaxy formation. M odels that 
predict very steep slopes for the faint end and advocate the creation o f a large 
number o f low mass dark matter haloes are in contrast to this observation. In 
order to reduce the number o f low mass haloes the models have to be altered 
in order to incorporate feedback processes that will restrict the creation o f small 
galaxies.
The faint end o f the luminosity function is a very im portant part o f any galaxy 
formation model. If calculated accurately, it will allow CDM  theory to finally 
settle one o f the biggest challenges that are facing it; namely the missing dwarf 
galaxies problem. Sufficiently deep and wide redshift surveys,that will allow the 
calculation o f the LF directly in the faint end, have yet to becom e available. The 
m ethod proposed in this thesis is a viable alternative if its accuracy is improved. 
In order to do so, a bigger number o f objects is needed, which translates in to 
the need for larger survey but without any redshift information, something that 
is more than viable. Furthermore, some criteria can be imposed on the centre 
galaxies themselves. It would be interesting to separate the galaxies according to 
their type or their local environment and proceed to calculate the LF taking into 
account only certain types. The accuracy o f the calculated LF should increase 
when galaxies in clusters are used as centres, thus ensuring that the galaxies
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observed in projection around them have a higher chance o f being satellite galaxies 
in reality.
O f farther interest would be to investigate the population o f dwarf galaxies 
themselves according to their galaxy types. Further results from the M GC survey 
are expected and it will allow the separations in different populations. Different 
slopes o f the faint end o f the LF for different dwarf galaxy populations would 
allow better restrictions to galaxy formation models.
The second chapter introduced the 2dFGRS bj and 7 7  colours extracted from 
the SCSS survey. It also provided a new formula for calculating the k-corrections 
for the ‘2dFGRS survey. The colours were shown to be very accurate and a good 
statistical indicator o f galaxy type. This enhances the quality and information 
o f the final 2dFGRS results and provides a powerful tool to the astronomical 
community.
Using the Maggorian relation between the bulge luminosity and the black hole 
mass, the survey mass function was calculated and compared to similar work done 
using the more difficult to obtain relation between stellar velocity dispersions and 
black hole mass. The results were com patible in accuracy, which is further proof 
that the Maggorian relation is very accurate and can be used without introducing 
any bias.
On the next chapter, the radio galaxies o f the 2dFGRS survey were identified 
by cross matching the 2dFGRS with the NVSS radio survey. The final sample o f 
^  3000 radio galaxies with colour and redshift information is one o f the largest 
available and it allowed the calculation o f the radio luminosity function with great 
accuracy. Investigation on the relation between black hole mass and radio output 
o f galaxies did not reveal any direct relation. There was an indication o f a relation 
of the form L Radl0 ~  MgJ, as was previously reported from workers in the field, 
but it was shown that this is probably due to selection effects and not any real 
relationship. The bivariate luminosity function calculated using the black hole 
mass and the radio luminosity o f the galaxies indicated that the radio emission 
is independent o f black home mass size, farther proof that the quoted relation 
between radio output and black hole mass is not real.
There is a lot to be investigated in this chapter, especially regarding the origin 
o f the radio emission. An effort was made to link H a luminosity to radio emission 
from star forming galaxies but the scatter in the relation made it difficult to 
have any solid conclusion. Identification o f SF galaxies using only one feature of 
their spectra is not possible. It would be interesting to do a similar investigation 
taking into account more spectral lines or using galaxies with information on the 
IR spectrum. Isolating radio emission from AG N  galaxies accurately could settle 
the question whether the radio emission is linked to the black hole or not.
The final chapter introduced a local numerical density estimator based on 
Sm ooth Particle Hydrodynamics principles. The local density at each galaxy was 
calculated and separation o f the 2dFGRS survey in different density areas became 
possible. The radio galaxy population was found to be similar to the normal 
galaxy population, regarding their placement in the local density field. This is 
strong indication that radio galaxies are not a product o f a special process but 
simply a fraction o f normal galaxies. There is indication o f a small differentiation
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ill higher black hole masses and this should be investigated further. Examining 
the larger galaxies requires a deeper redshift survey. A next generation survey 
would allow a density estimator o f real space density to be calculated instead of 
a redshift space. Using the 2dFGRS spectra does not allow for the calculation o f 
peculiar velocities in order to eliminate redshift space effects but this should be 
made possible with more advanced surveys.
As a closing note, I would like to thank the people that made this work 
possible. My parents, George and Nina, who were always there for me. I hope 
this work makes them proud. I would also like to thank .John Peacock, my 
supervisor, for his support and his belief in me as well as his enormous patience 
with my weird working methods. W ithout him I would have failed a long time 
ago. Finally, my examiners Peter Brand and Paul Hewett for making my viva a 
very pleasant experience. In my years in the Royal Observatory o f Edinburgh, I 
was lucky to have met such great scientists and people.
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